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A! l'interface! de! la! génétique! et! de! l'environnement,! l'épigénétique! contribue! à! la! diversité!
phénotypique.!Déterminer! l'impact!de! la!variation!épigénétique!sur! les!caractères!quantitatifs! (QT)!
est!un!nouveau!défi.!La!croissance!staturale!fournit!l’opportunité!d’étudier!la!variabilité!de!plusieurs!
traits! phénotypiques! liés! entre! eux! :! des! QT! cliniques! (la! taille,! l’accélération! de! la! vitesse! de!
croissance! en! réponse! à! l'hormone! de! croissance,! GH)! et! des! QT! biologiques! tels! que! la!
concentration!d’IGF1!et!la!réponse!de!cette!concentration!à!la!GH.!
!
L’!«!InsulinMlike!Growth! Factor! 1! »! (IGF1)! contrôle! la! croissance!postnatale! chez! les!mammifères,! y!






Taille* et* IGF1* circulant.! La! relation! entre! la! méthylation! des! promoteurs! d’IGF1! et! la! taille! a! été!
étudiée! au! sein! de! deux! cohortes! du! service! d'endocrinologie! pédiatrique,! totalisant! 216! enfants!
prépubères!de!différentes!statures.!Nous!avons!montré!que! la!méthylation!d'un!groupe!de!six!CGs!
situés! dans! la! partie! proximale! du! promoteur! P2! du! gène! IGF1! présentait! une! corrélation! inverse!
avec! la!croissance!et! l'IGF1!circulant.! Les!enfants! les!plus!grands!sont!ainsi!moins méthylés!sur!ces!
CGs!que!les!enfants!de!petite!taille.!La!contribution!de!la!méthylation!à!la!variance!de!la!taille!a!été!
évaluée!à!environ!13%,!et!à!10%!pour!la!variance!de!l'IGF1!sérique.!
Pour!montrer!que! l’association!observée!reflète!une!causalité!biologique,!nous!avons!étudié! le! lien!
entre!la!méthylation!des!promoteurs!P1!et!P2!et!l'activité!transcriptionnelle!du!gène!IGF1!in!vivo!et!in
vitro.!Nous! avons!montré!que! les! quantités! de! transcrits! de! classe! II,! issus! du!promoteur! P2,! sont!!
inversement!corrélés!à!la!méthylation!du!promoteur!P2!dans!les!cellules!sanguines!mononucléées.!In
vitro,! nous! avons! cloné! le! promoteur! P2! déméthylé! ou! méthylé! dans! un! plasmide! rapporteur!






La* réponse* au* traitement* par* la* GH.! Une! fraction! des! enfants! de! petite! taille! est! traitée! par!
l'hormone!de! croissance! (GH)! pour! accélérer! sa! croissance,!mais! l’efficacité! du! traitement! est! très!
variable! entre! les! individus.! Les! causes! de! cette! variabilité! sont! partiellement! comprises! :! la!
génétique!joue!un!rôle,!mais!il!reste!une!place!possible!pour!la!variabilité!épigénétique.!Dans!ce!but,!
nous! avons! étudié! l'effet! direct! de! la! variabilité! épigénétique! sur! la! transcription! du! gène! IGF1! et!
l’IGF1! circulant,! dans! un! test! aigu! d’administration! de!GH,! puis! sur! la! réponse! thérapeutique! à! un!
traitement!d’un!an!par!la!GH.!
Après!une!injection!de!GH,!nous!avons!constaté!une!augmentation!variable!du!nombre!de!!transcrits!
d’IGF1! chez! les! enfants! étudiés.! L'augmentation! des! transcrits! de! la! classe! II! était! inversement!
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Un! trait! quantitatif! (quantitative' trait,!QT)! est! un!phénotype!mesurable.!Un!QT!dépend!des! effets!
cumulés!de!nombreux!facteurs,!il!est!donc!dit!multifactoriel!ou!«!complexe!».!Selon!le!théorème!de
la! limite! centrale et! son! application! à! la! biologie! (DacunhaMCastelle! D,! 1996;! Lange,! 1978),! les! QT!
suivent!une!loi!normale!dans!la!nature!:!de!nombreux!phénomènes!quantitatifs!sont!dus!aux!effets!
cumulés!d'un!grand!nombre!de!petites!perturbations!plus!ou!moins! aléatoires,! dont! chacune! joue!
pour!un!petit!effet,!qui!diffère!d’un!individu!à!l’autre.!Ces!traits!quantitatifs,!comme!la!taille,!le!poids!









biologiques diverses leur permettant de survivre et de se reproduire dans les environnements variés
qu’ils! ont! rencontrés.! A! l’issue! de! leurs! déplacements! et! de! leur! reproduction! dans! les! groupes!
sociaux! qu’ils! constituaient! de! façon! durable,! les! groupes! humains! se! sont! distingués! par! de!
nombreux!traits!:!couleur!de!la!peau,!taille!et!poids!adultes,!forme!des!yeux,!texture!et!couleur!des!
cheveux! ou! pilosité! corporelle,! sont! les! plus! apparents! et! les! plus! connus.! Un! des! premiers!
naturalistes! à! étudier! les! variations! humaines,! Buffon! (1707M1788),! fut! pour! ainsi! dire! un!
évolutionniste!avant!la!lettre.!Il!exprima!sa!conviction!que!les!êtres!humains!sont!une!seule!espèce!:!
«Tout concourt à prouver que le genre humain' n'est pas composé d'espèces essentiellement
différentes' entre' elles' ;' au' contraire.' Il' n'y' a' eu' initialement' qu'une' seule' espèce' d'hommes,' qui,'
s'étant'multipliée'et'répandue'sur'toute'la'surface'de'la'terre,'a'subi'différents'changements.'Les'uns'
sont'd'ordre'climatique,'les'autres'concernent'les'différences'de'nourriture'ou'de'façons'de'vivre';'il'y'
a' aussi' les' maladies' épidémiques;' et' le' mélange' varié,' à' l'inﬁni,' des' individus' plus' au' moins'
ressemblants;' que' ces' altérations' n'étaient' pas' si' marquées,' et' ne' produisaient' que' des' variétés'
individuelles;' qu'elles' sont' ensuite' devenues' variétés' de' l'espèce,' parce' qu'elles' sont' devenues' plus'
générales,' plus' sensibles' et' plus' constantes' par' l'action' continue' de' ces'mêmes' causes;' qu'elles' se'
sont'perpétuées'et'qu'elles'se'perpétuent'de'génération'en'génération,'comme'les'difformités'ou'les'
maladies'que' les'parents'transmettent'à' leurs'enfants;'et'qu'enfin,'comme'elles'n'ont'été'produites'
ordinairement' que' par' le' concours' de' causes' extérieures' et' accidentelles,' qu'elles' n'ont' été'
conﬁrmées'et' rendues'constantes'que'par' le' temps'et' l'action'continue'de'ces'mêmes'causes,' il'est'
très'probable'qu'elles'disparaitraient'aussi,'peu'à'peu,'avec'le'temps,'ou'même'qu'elles'deviendraient'










être' même' se' situent<ils' à' l'origine' de' notre' espèce,' il' y' a' quelques' 700,000' années.' Les' mêmes'
polymorphismes' sont' présents' dans' presque' toutes' les' populations,' mais' avec' des' fréquences'
différentes dans chacune d'elles, car la' différenciation' géographique des groupes humains est
récente:'elle's'inscrit'dans'une'période'représentant'peut<être'20'%'à'peine'de'la'durée'd'existence'de'
l'espèce.' Voilà' pourquoi' il' n'y' a' pas' eu' assez' de' temps' pour' l'accumulation' d'une' divergence'
considérable.' Voilà' pourquoi' la' différence' entre' les' groupes' est' petite' en' comparaison' avec' la'
différence'à' l'intérieur'des'groupes.'Notre'espèce'et'son'prédécesseur' immédiat,'Homo'erectus,'ont'
fait'montre'd'une'activité'migratoire'considérable,'dans' toutes' les'directions.'Quelques<unes'de'ces'





variation! et! que! partagent! tous! les! humains.! Il! n’est! pas! toujours! facile! d’imaginer! ce! en! quoi! la!
variation!d’un!trait!peut!apporter!des!avantages!à!un!groupe!humain,!par!exemple!pour!la!grande!ou!
la! petite! taille! moyenne! d’une! population.! Comme! le! soulignent! Piazza! et! de! nombreux! autres!
auteurs,! la! diversité! entre! les! individus! est! très! grande! au! sein! du!même! groupe!humain,! rendant!
hasardeux!de!définir!des!groupes!aux!caractères!bien!tranchés.!
!




transmission! de! marques! épigénétiques! effacées! en! large! partie! lors! de! la! méïose! et! lors! du!






représentatif! de! la!diversité!phénotypique.! Les! individus!d’une!population!donnée!ont!une!grande!
variété!de!tailles!dans!un!intervalle!qui!caractérise!cette!population,!de!part!et!d’autre!d’une!valeur!
moyenne.!Dans!notre!travail,!nous!nous!sommes!intéressés!seulement!à!la!variabilité!phénotypique!
interindividuelle.! Nous! n’avons! pas! abordé! la! question! de! la! transmission! de! la! variabilité! ou! des!
facteurs!qui!conditionnent!cette!transmission!d’une!génération!à!l’autre.!
!








Trois! grandes! catégories! de! facteurs! entrent! en! jeu! pour! créer! la! diversité! des! phénotypes.! Ces!
facteurs! interagissent!selon!des!combinaisons! fonctionnelles!qui! restent!actuellement! inconnues.! Il!
s’agit!:!
M des variations génétiques (allèles) qui sont des dizaines de millions à travers le génome, et
que!seuls!deux!jumeaux!monozygotes!possèdent!pour!l’essentiel!en!commun!;!
M� des!variations!environnementales!au!sens!large,!incluant!les!facteurs!physiques!et!chimiques!




modifier! l’expression! des! gènes.! Ces! facteurs! peuvent! différer! entre! les! tissus! et! entre! les!







Les! génotypes! conditionnent! en! partie! les! phénotypes! humains, et! la! diversité! des! génotypes! la!
diversité! des! phénotypes.! La! variation! génétique! repose! sur! la! présence! d’une! grande! diversité!
allélique!individuelle!dans!une!population,!et!d’une!population!à!l’autre.!
Certains! allèles! sont! fréquents! dans! la! population! humaine! de! nos! jours,! considérée! dans! son!




Les! traits! quantitatifs! n’échappent! qu’en! apparence! aux! lois! de! Mendel,! car! ils! résultent! de! la!
combinaison!des!effets!mendéliens!de!si!nombreux!gènes!que!leur!transmission!n’est!pas!régie!par!
une! arithmétique! simple.! La! génétique! des! traits! quantitatifs! repose! donc! sur! l’intervention! de!
dizaines!ou!centaines!de!gènes!(ou!loci!régulateurs),!dont!la!variation!n’est!pas!suffisante!pour!créer!
à!elle! seule! le!phénotype!et! sa! variation.! La! génétique!entre!pour!une!part!dans! la! causalité!de! la!
diversité!phénotypique,!mais!pour!une!part!seulement.!CelleMci!varie!selon!les!traits!et!il!n’est!pas!si!




ce! trait,! en! général!moins! de! 1%! de! la! variance! (Farrall,! 2004).! Au! total! l’ensemble! des! gènes! qui!
pèsent! sur! la! variation!phénotypique!ne! représente!qu’une! fraction!de! celleMci.! La!proportion!d’un!
trait!qui!est!attribuée!à! la!variation!génétique!est! issue!de! la!comparaison!des!concordances!entre!
jumeaux monozygotes et jumeaux dizygotes. Ce postulat n’est cependant pas aussi évident qu’il



















Figure) 1) :) Distribution) infinitésimale) de) l'effet! des) gènes) sur) les) traits) quantitatifs.! En! abscisse,! la!
proportion!de!la!variance!d’un!trait!expliquée!par!l!‘allèle,!en!ordonnée,!l’ordre!gène!par!de!gène,!de!l’effet!
allélique.!Le!gène!le!plus!important!dans!la!variance!a!le!numèro!1!et!contribue!pour!2%!à!la!variance!totale.!






(Fisher,! 1919).! Selon! cette! théorie,! une! mutation! qui! entraîne! une! variation! extrême! du! trait! ne!
persiste pas et a tendance à disparaître. Fisher a établi! cette hypothèse en réfléchissant à la taille
humaine.!Cette! théorie! a! été! remise!en!question!en!découvrant!des! gènes! capables!d’exercer!des!
effets!importants!sur!la!variation!d’un!trait.!Il!s’agit!donc!d’une!répartition!des!effets!alléliques!plus
importante! que! prévue! par! la! théorie! de! Fisher,! selon! la! théorie! exponentielle! d’Allan! Robertson.!
Selon!cette!théorie,!les!variations!phénotypiques!sont!dues!à!la!fois!à!des!gènes!exerçant!des!effets!
majeurs! et! à! des! gènes! exerçant! des! effets! mineurs! (Falconer! DS! and! Mackay! Trudy! F.C,! 1996a,!
1996b;!Robertson!A,!1967).!
Deux! autres! adaptations! de! l’hypothèse! de! Fisher! ont! été! proposées!:! Kimura! a! proposé! que! les!
mutations! ayant! des! variations! phénotypiques! extrêmes! puissent! être! conservées! à! condition!
qu’elles!soient!bénéfiques!et!qu’elles!soient!éliminées!dans!le!cas!contraire,!et!Orr!a!proposé!que!les!








Tous! les!polymorphismes!n’ont!pas!de!conséquence! fonctionnelle! :!beaucoup!sont!«!neutres!».! Le!
fondement! génétique! de! la! théorie! de! la! sélection! naturelle! de! Darwin! postule! la! perpétuation!







à! la! sélection! naturelle,! ne! serait! ce! que! parce! que! ses! porteurs! peuvent! avoir! un! destin! (survie,!
fertilité)!non!régi!par!la!sélection!naturelle.!
1.3.1.2.1� Les'polymorphismes'ponctuels'(Single'Nucleotide'Polymorphism':'SNP)'
Les! mutations! sont! des! évènements! moléculaires! qui! semblent! survenir! «! au! hasard! »! et! qui
entraînent! des! modifications! de! la! séquence! nucléotidique,! créant! des! «! polymorphismes! ».! Ces!
mutations! peuvent! se! produire! dans! les! cellules! germinales! et! dans! les! cellules! somatiques.! Chez!






ont! été! répertoriés! (http://www.ncbi.nlm.nih.gov/snp/,! http://hapmap.ncbi.nlm.nih.gov/).! Ceci
représente! en!moyenne!un! SNP! tous! les! 100M1000!pb.! Beaucoup!de! SNPs! sont! considérés! comme!
étant!non!fonctionnels,!car!ils!n’ont!pas!d’effet!qualitatif!sur!le!produit!du!gène,!ni!sur!la!transcription!






M� les!microsatellites! sont! des! polymorphismes! de! répétition! diM,! triM! ou! tétraMnucléotidiques,
pouvant!aller!jusqu’à!10!nucléotides!répétés.!La!taille!des!microsatellites!est!inférieure!à!1,5
kb.! La! distance! entre! deux!microsatellites! est! en!moyenne! de! 50! kb! avec! une! répartition!
assez! uniforme! sur! les! chromosomes,! à! l’exception! des! régions! centromériques! (Griffiths!
A.J.F!et!al.,!1999).!
M� les! minisatellites! possèdent! des! unités! de! répétition! plus! grandes! que! les! microsatellites!
(entre!10!et!30!nucléotides),! leur!taille varie!de!1!à!30!kb.!Les!minisatellites!tendent!à!être!
plus!fréquemment!localisés!vers!les!télomères,!régions!sensibles!à!la!recombinaison.!














La! reproduction! sexuée! est! une! source! de! diversité! génétique! chez! l’homme.! En! effet,! lors! d'une!
reproduction!sexuée,! le!nouvel! individu!va!hériter,!pour!chaque!gène,!d'un!des!deux!allèles!de!son!
premier! parent! M! sélectionné! aléatoirement! M! et! d'un! des deux! allèles! de! son! autre! parent.! Le!
patrimoine génétique du! nouvel individu! est donc ainsi composé aléatoirement d'une partie du!
patrimoine!de!chacun!de!ses!deux!parents.!Ceci!permet!au!matériel!génétique!de!se!répandre!au!sein!
de!l'espèce.!Il!existe!deux!principaux!types!de!brassage!génétique,!qui!ont!lieu!lors!de!la!méïose!:!!
M� les! recombinaisons! intraMchromosomiques!:! les! deux! chromosomes! d'une! même! paire!
portent!des!allèles!différents!à!un!certain!nombre!de! locus.!Au!cours!de! la!prophase!de! la!
première division! méïotique,! les! chromosomes! homologues! s'apparient! :! un! allèle! d'un!
chromosome!peut!être!échangé!avec! l'allèle!porté!par! le!chromosome!homologue,!c’est! le!
crossingMover.!Tous!les!gènes!situés!sur!une!paire!de!chromosomes!peuvent!être!«!brassés!»!
grâce! à! ce! crossingMover,! ce! qui! modifie! l'association! d'allèles! portés! par! chacun! des!










Un! QTL! («!Quantitative' Trait' Locus! »),! est! une! région! chromosomique! contenant! un! ou! plusieurs!





1.3.2 Les*causes*épigénétiques*de la diversité phénotypique
Les!composants!épigénétiques!sont!capables!de!faire!varier! les!phénotypes! indépendamment!de! la!
séquence! d’ADN! en! agissant! sur! l’expression! des! gènes.! Mais! les! variations! épigénétiques! sont!
également! capables! d’interagir! avec! la! séquence! ADN.! En! effet,! Irizarry! et! Feinberg! (Feinberg! and!
Irizarry, 2010) ont suggéré que des variants génétiques, même s’ils ne changent pas le phénotype
moyen,! pourraient! changer! la! variabilité! de! certains! phénotypes,! par! un!mécanisme! épigénétique!
associé!à!ces!allèles.!Ils!rapportent!des!exemples!où!les!variations!de!la!méthylation!à!un!locus!sont!
associées!à!des!variants!génétiques!en!cis!ou!en!trans.!Ce!modèle!de!variation!stochastique!héritée!
fournirait! un! mécanisme! pour! expliquer! le! rôle! de! l’épigénétique! i)! dans! la! biologie! du!
développement!;!ii)!dans!la!variation!phénotypique!sélectionnable!;!et!iii)!dans!la!variation!génétique!
héréditaire,! largement! inexpliquée! dans! les!maladies! complexes.! L’augmentation! de! la! gamme! de!






L’analyse! de! certaines!marques! épigénétiques,! telles! que! la!méthylation! de! l’ADN,! donne! comme!
estimation! quantitative! le! pourcentage! de! cellules! qui! portent! une!marque! épigénétique! donnée.!
L’épigénétique!offre!donc!une!gamme!très!importante!de!variabilité!phénotypique.!








En! outre,! les! erreurs! de! réplication! des! marques! épigénétiques! sont! plus! fréquentes! que! les!
mutations! géniques,! constituant! une! autre! source! de! variation! (BennettMBaker! et! al.,! 2003).! Ces!!
événements! de! variation! épigénétique! touchent! les! cellules! capables! de! se! diviser! et! peuvent!
survenir!à!n’importe!quel!moment!de!la!vie.!
!
1.3.3 Les*causes*environnementales*de la diversité*phénotypique
L’environnement!est!défini!comme!«! l'ensemble'des'éléments'biotiques'et'abiotiques'qui'entourent'
un' individu' ou' une' espèce' et' dont' certains' contribuent' directement' à' subvenir' à' ses' besoins! »!
(dictionnaire! Larousse).! L’environnement! varie! selon! les! générations! et! au! cours! de! la! vie! d’un!
individu.!Il!est!quasiment!impossible!de!le!caractériser!précisément!dans!son!ensemble.
On!peut!distinguer!deux!catégories!majeures!des! composants!environnementaux! :!naturels!et!non!





1.3.4 Comment les facteurs génétiques, épigénétiques et environnementaux* créentGils la
diversité*phénotypique*?*
Dans! son! célèbre! livre! «!Le' Hasard' et' la' Nécessité'»! (Jacques! Monod,! 1970),! Monod! affirme! que!
l'évolution! naturelle! est! basée! sur! l'interaction! entre! le! hasard! et! la! nécessité! d’amener! un!














la! même! trajectoire! dans! des! conditions! différentes! (différents! environnements,! ou! contextes!
génétiques! différents),! tandis! que! la! stabilité! développementale! est! la! tendance! d'un! génotype!
particulier! à! suivre! la! même! trajectoire! dans! les! mêmes! conditions.! Hallgrímsson! B.! et! ses
collaborateurs! ont trouvé que les! mécanismes! sousMjacents à la canalisation et à la stabilité du
développement!étaient!liés!(Hallgrímsson!et!al.,!2002).!
Les!microARNs! (cf!paragraphe!3)! jouent!un! rôle!de!canalisation!dans! le!développement!animal.!En







Un! processus! stochastique! est! un! enchaînement! ni! entièrement! préMdéterminé,! ni! entièrement!
aléatoire de phénomènes (Figure 2).! Cashmore a décrit une trinité de forces qui! gouvernent la
biologie!:!i)!les!gènes!;!ii)!l’environnement!et!iii)!la!stochasticité!(GES)!(Cashmore,!2010).!
Dans!certains!cas,!ce!qui!à!première!vue!peut!sembler!être!stochastique!pourrait!simplement!refléter!
des! différences! microMenvironnementales.! Certains! physiciens,! par! exemple! Hooft! (’t! Hooft! et! al.,!
2005),! n’acceptent! pas! l'imprévisibilité! apparente! associée! à! la! mécanique! quantique! (cette!
imprévisibilité!a!incité!Einstein!à!dire,!comme!nous!l’avons!déjà!dit,!«Dieu'ne'joue'pas'aux'dés»).!
!
L'activation des promoteurs, en réponse! à! un événement stochastique, entraîne! des fluctuations
aléatoires!des!niveaux!des!transcrits!(Ford!and!Thanos,!2009).!Ce!«bruit»!peut!perturber!la!fonction!
nominale! du! programme! génétique! et! donc! être! préjudiciable! au! phénotype.! Les!microARNs! sont
capables!de!réarranger!les!niveaux!d’expression!perturbés.!Ce!mécanisme!est!observé!dans!certains
tissus!où!le!transcrit!et!son!microARN!sont!coexprimés!avec!des!niveaux!intermédiaires.!Son!rôle!est!
de! «!tamponner!»! ou! de! corriger! ces! fluctuations! d’expression.! Ces!mécanismes,! appelés! «!NoiseM
buffer!»,! existent! afin! de! réparer! et! conférer! une! robustesse! à! ces! voies! génétiques! (Arias! and!
Hayward,!2006).!
!
Dans! certains! cas,! la! nature! stochastique! d’un! phénomène! développemental! pourrait! reflèter! des!
différences!microMenvironnementales! ou! des! différences! spatiales! et! temporelles! subtiles! dans! de!
nombreux! phénomènes! de! la! biologie! moléculaire! et! cellulaire.! Le! fait! que! des! déterminants!



































Ces! trois! facteurs! (génétique,! épigénétique! et! environnementaux)! peuvent! créer! la! diversité!
phénotypique! de! façon! indépendante! ou! conjointe! (Figure! 3).! En! effet,! comme! nous! l’avons! dit!
précédemment!(cf!paragraphe!1.3.2),!la!génétique!peut!influencer!l’épigénétique!modifiant!de!ce!fait!
l’expression! des! gènes! et! pouvant! engendrer! un! nouveau! phénotype.! L’environnement! est!
également! capable! de! modifier! l’épigénétique.! L’impact! de! la! génétique! sur! l’épigénétique! et!






Figure) 3) :) Représentation) schématique) des) interactions) entre) les) facteurs) génétiques,) épigénétiques) et)
environnementaux,) et) comment) ils) contribuent) aux) phénotypes) complexes.! Les! variations! génétiques!
peuvent! induire! à! elles! seules!des!modifications!de! l’expression!des! gènes! lorsqu’elles! touchent!des! sites!
clés!de!la!régulation!ou!de!la!partie!codante!du!gène,!mais!elles!peuvent!également!exercer!leurs!effets!via'
des! changements!épigénétiques.!De!même,! certains! facteurs!environnementaux!agissent!directement! sur!
l’expression!des!gènes!tandis!que!d’autres!exercent!leurs!effets!via!l’épigénétique.!'
!
1.3.5� Apports* des* études* de* jumeaux* dans* l’évaluation* de* la* part* de* la* génétique,* de*
l’épigénétique*et*de*l’environnement*dans*la*diversité*phénotypique*
1.3.5.1�Détermination!de!la!part!de!la!génétique!
La! concordance! phénotypique! entre! les! jumeaux! monozygotes! (MZ)! sont! issus! d’une! seule!
fécondation!et!partagent!ainsi! la! très!grande!majorité!de! leur!matériel!génétique.!En!revanche,! les!
jumeaux! dizygotes! (DZ)! sont! issus! de! deux! fécondations! différentes! et! leur! ressemblance!
phénotypique! comme! leur!degré!de!partage! génétique!est! la!meme!que! celle!des! frères! et! sœurs!
non! jumeaux.! Le! rôle! de! la! génétique! dans! la! ressemblance! phénotypique! des! jumeaux! est!
essentielle,! mais! n’est! pas! le! seul! déterminant! héritable! ou! non! qu’ils! partagent.! Dans! le! cas! des!





même! fond! génétique,! parce! qu’ils! se! sont! dévéloppés! dans! un! environnement! très! comparable
(Petronis,!2010).!Ils!présentent!cependant!des!variations!individuelles!de!leur!méthylome.!
Fraga!et'al.!ont!montré!que! les!variations! individuelles!de!méthylation!dans! les! lymphocytes!de!40!



























locus! catecholMoMmethyltransferase.! Les! variations! interindividuelles! reportées! dans! cette! étude!
montrent!que! les! variations!épigénétiques!peuvent!être!présentes!dès! l’enfance,! avant!même!une!
exposition! longue! et! répétée! à! différents! facteurs! environnementaux! (Mill! et! al.,! 2006;!Waterland!
and Michels, 2007).! L’origine de ces variations peut donc être! stochastique, notamment lorsqu’il!
s’agit!de! jumeaux!MZ!monochorionique!monoamniotique! (Mill! et! al.,! 2006).!Dans! les!autres! cas,! il!
peut!aussi! s’agir!d’une!exposition!différentielle!à!certains! facteurs!environnementaux,!y!compris! in




La! discordance! phénotypique! entre! les! jumeaux!MZ! est! généralement! utilisée! pour! déterminer! la!
part! de! l’environnement! dans! la! variance! phénotypique.! L’environnement! non! partagé! entre! les!
jumeaux!pourrait!donc!être!à!la!base!des!différences!phénotypiques!observées.!Mais,!comme!on!l’a
discuté,! la!part!d’épigéntique!existe!dans! le!determinisme!de!ces!différences.!On!ne!peut!donc!pas!


















certains! marques! épigénétiques,! certains! composants! de! l’environnement,! de! la! culture,! du
comportement…!
!
Classiquement,! l’héritabilité! ne! peut! pas! encore! prendre! quantitativement! en! considération! la!







bon! domaine! de! recherche.! Facile! à! mesurer! aux! différents! âges! de! l’enfance,! répondant! à! une!
physiologie!assez!bien!établie,!et!à!un!contrôle!hormonal!bien!étudié!chez! l’homme!et! les!animaux!
de laboratoire, elle permet!d’étudier!de nombreux traits.
!
2.1 GENERALITES
La! croissance! humaine! n’est! pas! homogène:! elle! est! la! somme! de! la! croissance! de! la! tête,! du!
tronc/bassin!et!des!membres!inférieurs,!qui!ont!chacun!leur!patron!de!croissance!spécifique!(Bogin,!





de! facteurs! environnementaux!que! la! croissance postnatale,! y! compris! la! parité,! l'espacement! des!

























































La! variation! de!moyenne! staturale! dans! différentes! populations! est! remarquable.! La!moyenne! de!
taille d’une population congolaise est!de 150 cm, et!nettement! inférieure à celle d’une!population
hollandaise! qui! peut! atteindre! 35! cm! de! plus.! La! taille!moyenne! est! généralement! plus! élevée! au!
Nord!de!l’Europe!qu’au!Sud!(Cavelaars!et!al.,!2000;!Schmidt!et!al.,!1995).!La!variation!frappante!de!la!
taille! des! populations! humaines! a! conduit! les! chercheurs! à! se! demander! si! cela! représentait! une!
réponse! adaptative! aux! conditions! environnementales.! Au! cours! de! leur! histoire,! les! hommes! ont!
colonisé!presque!tous!les!habitats,!et!fait!face!à!plusieurs!facteurs!de!stress!écologiques.!
!
Dans chaque endroit colonisé, les individus ont interagi entre eux et! avec leur! milieu :! facteurs
nutritionnels,!facteurs!climatiques.!D’autre!part,!les!mutations!se!produisant!au!hasard,!elles!peuvent!
toucher! une! population! donnée! dans! un! endroit! donné,! ou! devenir! plus! fréquentes! dans! cette!
population,! tandis! qu’elle! sera! rare! ou! absente! dans! d’autres! populations.! Cette! mutation! est!
transmise! aux! générations! suivantes! de! cette! population,! sauf! en! cas! de! sélection!naturelle! ou!de!
mort!accidentelle!de!ceux!qui!la!portent!(dérive!génétique).!Le!choix!du!partenaire!de!reproduction!
diminue! la! transmission! aléatoire! de! la! mutation! chez! les! humains.! Par! exemple,! les! conjoints!

















Les! pygmées! vivent! en!Afrique! centrale.! Ils! ont! plusieurs! caractéristiques! en! commun!dont! la! très!
petite!taille.!Les!Mbuti,!un!sousMgroupe!de!pygmées,!sont!les!hommes!les!plus!petits!au!monde!avec!
une! taille! moyenne! de! 150! cm.! Généralement,! la! taille! des! populations! vivant! dans! les! forêts
tropicales! est! plus! petite! comparée! aux! populations! vivant! dans! un! autre! endroit! dans! le!monde.!
L’explication! proposée! serait! la! petite! taille! est! une! adaptation! aux! conditions! climatiques,





tendance! pour! les! parents! de! taille! élevée! à! avoir! des! enfants! de! taille! élevée,! et! des! parents! de!
petite!taille!à!avoir!des!enfants!de!petite!taille! (Figure!6).!Le!premier!à!notre!connaissance,!Francis!
Galton! a! proposé! une! relation! statistique! la! régression! linéaire! (Rodgers! and! Nicewander,! 1988;!






Figure)6) :)Représentation)graphique)de) la) régression)statistique)de) la) taille)des)parents) sur) la) taille)des)












chez! les! jumeaux!de! sexe!opposé.!Contrairement!aux! jumeaux!MZ,! les! jumeaux!DZ!de!même!sexe!
naissent!avec!des! tailles!plus! semblables!que! leurs! tailles!à!8!ans! (r2=0.49!à!8!ans! contre!0.79!à! la!














2.5 LES FACTEURS RESPONSABLES DE LA)VARIABILITE DE LA)TAILLE
2.5.1 Les*gènes*responsables*de la variabilité de*la*taille*humaine*
Plusieurs!études!d’association!«!génome!entier!»!(GWAS)!ont!porté!sur!la!taille!adulte!:!





de! la! taille! à! seulement! 3%,! à! partir! d’un! échantillon! de! 13,665! individus! d’origine!
européenne,!génotypés!sur!402,951!SNPs!(Weedon!et!al.,!2007).!
!
M� En! portant! le! nombre! d’individus! à! 29,820! (25,174! Islandais,! 2,876! Néerlandais,! 1,770!
Américains!d’origine!européenne!et!1,148!AfroMAméricains),!Gudbjartsson!n’a!pu!attribuer!à!
des!variants!génétiques!que!3,7!%!de!la!variance!phénotypique!(Gudbjartsson!et!al.,!2008).!
Ces! études! ont! détecté! des! SNPs! dans! des! régions! de! gènes! impliqués! dans! le! développement
squelettique,! le! développement! embryonnaire! et! la!mitose! en! général.! Les! loci! candidats! les! plus!






Les! analyses! de! Lango! Allen! en! 2010! ont! permis! d’identifier! un! plus! grand! nombre! de!
polymorphismes!impliqués!dans!la!variance!de!la!taille!et!de!proposer!de!nouveaux!gènes!candidats.




SNPs! décrits! comme! associés! à! la! taille! n’expliquant! qu’au! maximum! 10%! de la! variance!












Afin! de! résoudre! l’énigme! de! la! «!missing' heritability'»,! Yang! et' al.! ont! proposé! une! nouvelle!
stratégie! d’analyse! des! GWAS.! La! méthode! consiste! à! estimer! la! variance! totale! détectée! par!
l’ensemble! des! SNPs! sans! se! focaliser! sur! les! SNPs! individuellement.! Par! conséquent,! des! SNPs!
individuels n’atteignant pas le seuil! de significativité entrent dans le calcul.! Dans cette étude, la









qui! ne! sont! que! des! marqueurs.! Ce! déséquilibre! de! liaison! limité! est! accru! lorsque! les! variants!
causaux! ont! une!moindre! fréquence! de! l'allèle!mineur! (Minor' Allele' Frequency,! MAF)! que! le! SNP!
marqueur!de!la!puce!utilisée!(Yang!et!al.,!2010).!
!
La!métaManalyse! la! plus! récente,! utilisant! les! résultats! de! 79!GWAS! (regroupant! 253,288! individus!
d'origine!européenne),!a!révélé!un!nombre!encore!plus!élevé!de!SNPs!associés!à!la!taille.!En!utilisant!
les!données!de!l'ensemble!du!génome!de!ces!participants,!697!variants!ont!été!identifiés!(p<5x10M8),!
pouvant! expliquer! 20%! de! l'héritabilité! de! la! taille! adulte.! En! diminuant! les! critères! de! stringence!
statistique! (p<5x10M3),! environ! 10,000! SNP! semblent! contribuer! à! 36%! de! l’héritabilité! de! la! taille!
adulte.! En! testant! différents! nombres! de! variants! dans! des! études! indépendantes,! les! auteurs! ont
montré! que! les! 2,000,! 3,700! et! 9,500! SNPs! les! plus! fortement! associés! expliquent! respectivement!!
21%,!24%!et!29%!de!la!variance!de!la!taille!adulte!(Wood!et!al.,!2014).!
!
Les! résultats!de!Wood!et! Lango!Allen! suggèrent!une!architecture!génétique!pour! la! taille!humaine!
caractérisée!par!un!très!grand!nombre!de!variants!de!causalité!(Wood!et!al.,!2014).!Environ!1%!de!la!
totalité! des! gènes! humains! contribuerait! à! la! variation! de! la! taille! de! façon! directe! ou! indirecte!
(Lango!Allen!et!al.,!2010).!
!






La! domestication! du! chien,! à! partir! de! plusieurs! souches! de! loups! (Wayne! and! Ostrander,! 2007;!
Wayne! and! vonHoldt,! 2012),! offre! un! exemple! intéressant! de! réflexion! sur! le! déterminisme! de! la!
taille.! Aucune! espèce! n’offre! d’aussi! grandes! différences! de! taille! que! les! chiens.! Les! hommes!ont!
généré!des races très variées de!chiens, dont les traits phénotypiques varient fortement, en croisant!






Par! une! approche! génome! entier,! plusieurs! variants! génomiques! ont! été! associés! à! la! taille! des!
chiens!et!notamment!un!QTL!situé!sur!le!chromosome!15.!L’analyse!étendue!de!ce!QTL!(+/M15!Mb)!a!
permis! de! mettre! en! évidence! le! rôle! du! gène! IGF1! (insulinMlike! growth! factor! 1)! dans! le!
déterminisme de la taille chez le chien!(Sutter!et!al., 2007).
!
2.5.3 La part prise par l’environnement et l’accélération séculaire*de*la*croissance
La!faible!pression!en!oxygène! liée!à! l’altitude!est!un!facteur!classiquement!associé!à! la!petite!taille!
(Bogin,! 2013;! Chamla,! 1983;! Jobling! M.A! et! al.).! D’autres! facteurs! liés! à! l’environnement,! moins
évidents! à! discerner,! jouent! un! rôle! direct! ou! indirect! sur la! croissance! staturale! en! influençant! la!
nutrition! et! lors! du! développement! in' uterin,! de! l’enfance! (taille! des! enfants)! et! de! l’âge! adulte!
(influence!du!pic!pubertaire!de!croissance).!Ces!facteurs!sont!certainement!multiples!et!complexes!et!







cm!seulement.!Certaines!populations!avaient!ainsi!une!moyenne!de! taille! très! similaire!en!1880!et!
sont!par!la!suite!devenues!très!divergentes!:!la!moyenne!de!la!taille!de!la!population!portugaise!est!
passée!de!163,4!à!167,1! cm,!alors!que! la! taille!de! la!population!hollandaise!est!passée!de!165,2!à
180,3!cm!(Bogin,!2013;!Chamla,!1983).!
!
L’accélération! d’accroissement! de! la! stature est! discontinue,! il! y! a! des! périodes! d’arrêt,
d’accélération! ou! même! de! régression! de! la! taille.! Les! explications! possibles! de! ces! régressions!




L’étude! de! la! taille! chez! les! Mayas! illustre! bien! l’impact! des! conditions! économiques! sur! le





Cette! augmentation! de stature! a! été! observée! en! une! seule génération.! Ces! analyses! de! Bogin!




L’accroissement! de! la! taille! est! lié! aux! facteurs! médicoMsocioMéconomiques! (Martin,! 1958).! De!












auquel! la! taille!adulte!est!atteinte!a!considérablement!baissé!depuis! le! siècle!dernier,!mais!
les!données!sur!l’âge!et!la!taille!maximale!sont contradictoires!(Chamla,!1983;!Morant,!1949).!
!
M� les! facteurs! sociaux! sont! des! paramètres! environnementaux! très! importants.! En! 1950,!
Trémolières! et! Boulenger! ont! montré! un! lien! entre! le! niveau! d’instruction! ou! l’activité!
professionnelle!et! la! taille.! Ils!ont!constaté!des!différences!de!4!cm!dans! la!moyenne!de! la!
taille! entre! les!niveaux!professionnels! les!plus!élevés!et! les!plus!bas.)Cependant,! le!niveau!
d’instruction! doit! être! considéré! avec! précaution! et! dans! son! contexte! général! sans! le!
séparer!des!autres!conditions!sociales.!Le!travail!précoce!et!la!fatigue!physique!influencent!la!
croissance! des! individus! et! entraînent! des! tassements! des! cartilages! intervertébraux.! Les
enfants! recrutés! pour! un! travail! fatiguant! ont! des! tailles! moyennes! plus! petites! que! les!
enfants!non!travailleurs.)L’amélioration!des!conditions!d’hygiène!et! l’élimination!des!foyers!
endémiques! ont! été! corrélées! avec! le! phénomène! d’accroissement! statural.! Les! infections!
répétées! et! les! pathologies! chroniques! ralentissent! la! croissance.! Enfin,! l’endroit! où! vivent!
les! individus,! ruraux! ou! urbains,! sont! susceptibles! d’influer! l’augmentation! de! la! taille! au!
cours!du!temps.!En!1951,!Giot!a!proposé!une!association!entre!l’accroissement de!la!stature!
et! le!degré!d’urbanisme!en!se!basant!sur! les!données!de!différents!départements! français.!
L’augmentation!de!la!taille!était!de!6,4!cm!à!Quimper!en!trois!quarts!de!siècle!alors!que!dans!






caractères, l’héritabilité,! ne!prend!encore! guère!en! considération! la! variation!épigénétique.!Même!
avec! l’amélioration! des! études! «!pangénomiques!»,! la! contribution! des! variants! génétiques! ne!







la!variation!génétique!en!dehors!des!populations!expérimentales! isogéniques,!ou!chez! les! jumeaux!












Il! est! difficile! de! définir! le! terme! épigénétique! sans! un! bref! historique! sur! le! contexte! de! son!
apparition.!On!attribue!généralement!à!Conrad!Waddington! l’ébauche!d’une!nouvelle!discipline!en!
biologie! qui! s’appelle! épigénétique.!Waddington! était! un! «! développementaliste! »! qui! cherchait! à!
comprendre!comment!une!aile!de!mouche!peut!se!constituer!avec!ses!différentes!composantes!en!
partant! d’un! stock! d’allèles! identique! dans! toutes! les! parties! de! l’aile! (Waddington,! 1940;!
Waddington,!1942,!2012).! Il!a!été!très! influencé!par!son!séjour!dans! le! laboratoire!du!drosophiliste
Thomas!Morgan.!En!1947,!Waddington!a!défini!l’épigénétique!:!«!causal'interactions'between'genes'
and'their'products'which'bring'the'phenotype' into'being!».!A! l’aide!du!fameux!dessin!d’un!paysage
(Figure!7),!Waddington a illustré sa façon de voir l’épigénétique (Waddington, 1957).!Selon le chemin
emprunté!par!l’œuf!fécondé!et!ses!différents!tissus!dans!le!paysage!épigénétique,!le!développement!
s’effectue! selon! une! certaine! «! canalisation! »! (cf! paragraphe! 1.3.4.1)! pour! donner! un individu!






















cellule! ou! un! embryon! pluricellulaire! ou! un! tissu! emmbryonnaire! ou! fœtal.! Les! différentes! voies! de!
développement/différenciation!qui! lui! sont!offertes!sont!représentées!par! les!vallées.!Elle!s’orientera!vers!















Figure) 8) :) Représentation) imagée) des) interactions) sousDjacentes) du) paysage) épigénétique.)Chaque!bloc!
noir!représente!un!facteur!(génétique,!environnemental,!etc),!chaque!trait!représente!le!réseau!dans!lequel!




Après! les! travaux! de! Waddington,! l’épigénétique! semble! être! abandonnée! par! les! biologistes! à!





l’épigénétique! est! citée! de! nouveau! avec! une! définition! adaptée! aux! nouvelles! connaissances.! En!
1992,! Hall! définit! l’épigénétique! par! l’ensemble! des! facteurs! génétiques! et! non! génétiques! qui!




dans! la! régulation! de! l’expression! des! gènes! et! la! transmission! des! phénotypes! cellulaires.! Les!
travaux!d’Holliday! sur! la!mémoire! cellulaire! et! son! lien! avec! la!méthylation!de! l’ADN!participent! à!
dévier! la! définition! de! l’épigénétique! de! son! acceptation! initiale! de! biologie! de! développement.!







the' changes' in'gene'expression,'which'occur' in'organisms'with'differentiated'cells,'and' the'mitotic'












L’apparition! de! nouveaux! mécanismes! biologiques! jusqueMlà! non! explicables! a! fait! évoluer! la
définition!de!l’épigénétique,!notamment!les!changements!mitotiques!et!méïotiques!dans!la!fonction!
des!gènes!qui!ne!peuvent!pas!être!expliqués!par!des!changements!de!séquence!de!l’ADN.!Une!revue!





Figure) 9:) Représentation) imagée) de) l'épigénétique) moléculaire.) Dans! cette! représentation,! les! composants! de!
l’épigénétique! sont!disposés!de!manière! à! localiser! spécifiquement! certains! effecteurs!dans! certaines! régions.! L’idée!est!




L’épigénétique! prend! sa! véritable! ampleur! en! biologie! et! se! définit! en! 2001! par! ! «!the' study' of'
changes' in' gene' function' that' are'mitotically' and/or'meiotically' heritable' and' that' do'not' entail' a'
change' in' DNA' sequence'».! Wu.C! et' al! réduit! ainsi! l’épigénétique! à! l’hérédité! épigénétique! sans!
intégrer! réellement! son! rôle! primordial! dans! le! développement! embryonnaire! (Wu!Ct! and!Morris,!
2001).!
!
Jablonka! a! introduit! l’épigénétique! dans! les! théories! de! l’évolution.! Plus! précisement,! Jablonka! a!
incorporé! l’épigénétique!moderne! dans! la! théorie! «!néoMdarwinienne».! Elle! propose! d’intégrer! les!
différentes! composantes! épigénétiques! dans! la! plasticité! phénotypique.! Elle! pense! que! les! causes!
des! changements! évolutifs! pourraient! être! basées! uniquement! sur! des! variations! non! génétiques!






Plus! récemment,! l’épigénétique! a! été! définie! par! l’ensemble! des! modifications! de! l'expression!
génique! transmissibles! au! cours! des! divisions! cellulaires,! et! réversibles! (Bonasio! et! al.,! 2010),! sans
modification! de! la! séquence! nucléotidique! (Jaenisch! and! Bird,! 2003;! Mill! et! al.,! 2008).! Cette!







1.� qui* peuvent* influencer* ou* agir* sur* des* phénotypes* cellulaires* sans* faire* intervenir* des*
modifications/variations* de* la* séquence* de* l’ADN,* mais* en* agissant* sur* l’expression* des*
gènes*ou*sur*d’autres*mécanismes*de*régulation*de*la*biologie*cellulaire*;*




effacés* et* reprogrammés)* à* différents* stades* du* développement,* au* cours* de* la* vie* de*
l’individu*et*selon*certains*facteurs*environnementaux*rencontrés*;*
4.� qui*peuvent*varier*selon*les*tissus*(chaque*cellule*possède*son*épigénome),*composant*une*
gamme* considérable* de* variation* structurale* et* fonctionnelle* (l’épigénotype* d’un*
individu)*;*
5.� qui* peuvent* être* influencés* par* la* variation* génétique* en* cisG* et* en* transG* (notion* de*
méthylation*dépendante*d’allèles)*indépendamment*de*l’origine*parentale*de*l’allèle*;*
6.� dont* une* petite* partie* est* conditionnée* par* l’origine* parentale* du* locus* (gènes* dont* la*
fonction*est*soumise*à*l’empreinte*parentale)*;*
7.� dont* on* discute* depuis* peu,* dans* certains* cas,* la* probabilité* d’une* transmission* à* la*
descendance*(hérédité*transgénérationnelle).*
!
L’épigénétique!participe! ainsi! à! la! canalisation!nécessaire! au!bon!déroulement!du!développement.!
Elle! constitue! également! une! des! composantes! de! la! stochasticité,! à! l’interface! de! processus!
biologiques! bien! déterminés! et! d’un! certain! degré! d’influences! aléatoires! jalonnant! la! vie! de!
l’individu,! depuis! le! zygote,! l’embryon! jusqu’à! la! mort.! Cette! vue! du! développement,! de! la!













de la chromatine est restée inconnue jusqu’aux années 1970. Les premières observations de la
























Figure) 10) :) Représentation) schématique)de) la) structure)de) la) chromatine.!Chaque!rond!bleu!représente!
une!protéine!histone,!sauf! l’histone!H1!qui!est!représentée!en!vert.!L’ADN!(en!gris)!est!enroulé!autour!de!





La! chromatine! est! composée! de! l’ADN,! l’ARN! et! les! protéines! histones! et! non! histones! contenues
dans!le!noyau.!Le!nucléosome!est!constitué!d’environ!147M165!paires!de!bases!(pb)!enroulées!autour!





Dans! le! noyau,! la! chromatine! est! présente! sous! deux! états,! l’euchromatine! et! l’hétérochromatine,
qui!dépendent!du!degré!d’enroulement!et!d’interaction!au!sein!du!noyau!:!
M� l’euchromatine! correspond! à! un! état! décondensé,! comportant! des! régions! génomiques















peut! être! constitutive! ou! facultative.! L’hétérochromatine! constitutive! correspond! à! des!
régions!génomiques!«!muettes!»!qui!ne!s’expriment!pas.!Parmi!ces!régions,!on!peut!citer!les!
régions! répétées, les! régions! centromériques! et télomériques. En revanche,
l’hétérochromatine! facultative! peut! contenir! des! régions! capables! de! s’exprimer!
occasionnellement! dans! certains! types! cellulaires! ou! selon! l’état! de! différenciation! d’une!
cellule! donnée.! En! effet,! l’hétérochromatine! facultative! correspond! à! des! régions!




Il! existe! 5! classes! de! protéine! histones! nommées! H3,! H2A,! H2B,! H4,! H1.! La! position! centrale! est!
occupée!par!les!histones!H3,!H2A,!H2B,!H4!au!niveau!du!complexe!nucléoprotéique!!(«!core'histone
»).!L’histone!H1!est!considérée!comme!protéine!de!liaison!(Figure!10).!Les!histones!sont!formées!par!
une! partie! globulaire! (octamère)! et! une! partie! flexible! et! communicante! avec! l’extérieur! à! leur!
extrémité! NH2Mterminale.! Ces! extrémités! subissent! des! modifications! chimiques! comme! la!
méthylation,! l’acétylation,! la! phosphatation,! l’ubiquitination! et! la! sumoylation.! Ces! modifications!




Il! correspond! à! la! modification! chimique! retrouvée! sur! les! histones! qui! permet! de! les! classer! en!
marque! active! ou! répressive.! H3K9,! H3K27,! H3K4,! H4K20,! H2AZ,! H3K36! sont! les! positions! des
histones!les!plus!connues!et!les!plus!étudiées.!Généralement,!une!acétylation!des!histones!3!et!4!est
associée! à! un! état transcriptionnel! actif! lorsqu’ils! sont! localisés! au!niveau!des!promoteurs! comme!
H3K9ac,!H3K27ac!et!H4K20ac.!La!lysine!4!de!l’histone!3!fait!exception!puisqu’elle!est!plutôt!activée!
sous! forme! triMméthylée! (Shahbazian! and! Grunstein,! 2007;!Wang! et! al.,! 2008).! La!méthylation! au!
niveau!de!H3K9!et!H3K27!est!une!marque!de!répression.!La!lysine!4!est!soit!monoMmethylée,!soit!diM
méthylée.!Parfois,!la!même!marque!peut!être!classée!à!la!fois!active!et!répressive!selon!le!contexte!








M� l’Histone! Acetyl! transférase! (HAT)! qui! est! l’enzyme! catalysant! l’acétylation! des! histones! à!
partir!des!acétyl!coMenzyme!A!(Kouzarides,!2007)!;!
M� l’Histone!Methyl! transférase! (HMT)! qui! est! l’enzyme! catalysant! la! réaction! de!méthylation!










la chromatine sont modulées par les modifications covalentes des histones.!La charge apportée par
la! modification! chimique! conditionne! le! lien! entre! l’ADN! et! l’histone! modifié.! Par! exemple,!
l’acétylation! de! la! lysine! neutralise! la! charge! basique! de! la! protéine! histone! et! diminue! l’affinité!
électrique!entre!l’histone!et!l’ADN.!
!
Rôle! dans! la! réplication!:! Une! enzyme! impliquée! dans! la! machinerie! de! mise! en! place! des!
modifications! des! histones! est! impliquée! dans! le! mécanisme! de! la! réplication.! L’acétyltransférase!
(HB01)!a!été!identifiée!comme!un!acteur!important!de!la!réplication!de!l’ADN.!HB01!est!capable!de!
catalyser! la! réaction! d’acétylation! de! l’histone! H4! et! de! se! lier! à! l’assemblage! protéique! de! préM
réplication.!La!délétion!du!HB01!entraîne!une!réduction!de!la!synthèse!d’ADN et!la!dérégulation!de!la!
phase!S!du!cycle!cellulaire.!HB01!est!donc! importante!pour! l’initiation!de! la!phase!S!et! la!fixation!à!
l’origine!de!réplication.!
!
Rôle! dans! l’organisation! chromosomique!:! La! structure! condensée!de! la! chromatine! au! niveau!des!
régions! télomériques! et! centromériques! semble! protéger! la! structure! du! chromosome.! En! effet,!
l’existence! des! éléments! génomiques! répétés! dans! un! contexte! chromatinien! compacté! est! un!















Les! mécanismes! d’action! des! ARNs! non! codants! sont! des! interactions! ARNMARN,! ARNMprotéine! et!
ARNMADN.!Prenons!l’exemple!des!petits!ARNs!interférents.!Les!petits!ARNs!interférents!sont!de!petits!









niveau! du! site! de! reconnaissance.! Les! deux! morceaux! du! transcrit! clivé! par! Argo! vont! être!
rapidement!dégradés!via!leurs!extrémités!par!des!exonucléases.!Les!ARNs!non!codants!peuvent!aussi!
interagir avec les ARNs de transfert (ARNt)! ou les ARNs ribosomaux (ARNr)! et! perturber! ainsi la
traduction!du!gène.!
!
En!outre,! les!ARNnc!peuvent!modifier! la! stabilité!des!ARNm!ou!bloquer! la! traduction!du!gène.! Les
recherches! récentes! dans le! domaine! des! ARNnc! prouvent! qu’ils! interagissent! à! la! fois! avec! des!
protéines! de! la! chromatine! et! avec! la! machinerie! de! la! méthylation! de! l’ADN! pour! réprimer!
l’expression.! Par! exemple! H19! interagit! avec! MBD1.! Les! ARNnc! peuvent! également! exercer! leurs!




L’action majeure des ARNnc est la répression des gènes. Ils sont notamment indispensables pour la










La!méthylation!de! l’ADN!est!une!marque!épigénétique!apposée!directement!sur! les!cytosines!de! la!
molécule!d’ADN!(Figure!11).!La!méthylation!des!cytosines!a!été!identifiée!chez!les!mammifères!dans!
les!années!60!par!Doskocil!et!Sorm!(Doskočil!and!Šorm,!1962).!Cette!modification!est!présente!sur!les!
deux! brins! de! la! double! hélice! d’ADN! (symétrique)! et! ne! perturbe! pas! leur! hybridation.! La!









































La!méthylation! de! l’ADN! est! une!modification! covalente! par! laquelle! un! groupement!méthyle! est
transféré!de!la!SMadénosylmethionine!(SAM)!au!carbone!5!d’une!cytosine!d’un!dinucléotide!CG,!par!
l’intermédiaire! d’une! DNA! methyltransférase! (DNMT).! La! méthionine! interagit! avec! l’ATP! pour
former! la! ! SAM.!Ce! substrat! (SAM)!est! le!donneur!principal!du!groupement!méthyle! (CH3)!dans! la!
cellule.!La!DNMT!fixe!le!groupement!CH3!sur!le!carbone!5!de!la!cytosine!tout!en!transformant!le!SM
adenosylméthionine! (SAM)!en!SMadenosylhomocystéine! (SAH).!Ce!dernier!est!hydrolysé!par! la!suite!




















représente! les! protéines! DNMTs! responsables! du! transfert! du! groupement!méthyle! du! donneur! à! la!
molécule! d’ADN.! SAM:! SMadenosylMmethionine.! DNMT:! DNA! methyltransferase,! SAH:! SMadenosylM
homocysteine,!CβS:!Cystathionine!β! synthase,!BHMT:!Betaine!homocysteine! S!methyltransferase,!MS:!
Methionine! synthase,! MTHFR:! Methylene! tetrahydrofolate! reductase,! IIB,! IIF:! Initiation! factors,! TBP:!





La! méthionine,! acide! aminé! apporté! par! l’alimentation,! est! la! source! principale! de! CH3! dans! la!
























Les! DNMTs! jouent! un! rôle! clé! dans l’établissement! de! la! méthylation! d’ADN.! Elles! sont! très!!
dépendantes!de!l’apport!en!SAM!de!la!cellule.!Le!rapport!SAM/SAH!est!parfois!utilisé!comme!indice!
du! taux!de!méthylation!dans! les! études!épidémiologiques! (DominguezMSalas! et! al.,! 2014).! Chez! les!
mammifères, trois familles de DNMTs ont été! décrites (Cheng and Blumenthal, 2008),! nous
détaillerons!ici!les!2!principales!:!
M� DNMT1!a!été!la!première!protéine!DNMT!caractérisée.!Elle!possède!un!domaine!C!terminal,!
responsable! de! l’activité! catalytique! de! l’enzyme! et! un! domaine! N! terminal! régulateur,!
permettant!d’interagir! avec!d’autres!protéines!et! guidant! sa! localisation!nucléaire.!DNMT1!
est!active!sous!forme!d’homodimère.!Son!activité!est!régulée!par!diverses!mécanismes!:!i)!sa!
quantité! d’ARNm! est! contrôlée! par! les! microMARNs!;! ii)! des! modifications! postM
traductionnelles! comprenant! la! phosphorylation,! la! méthylation,! l’acétylation! ou! la!
sumoylation! (Denis! et! al.,! 2011;! Huang! et! al.,! 2010;! Svedružić,! 2011;! Zhao! et! al.,! 2011).
DNMT1! présente! une! forte! affinité! pour! l’ADN! hémiméthylé, c’est! pourquoi! DNMT1! a!
longtemps!été!décrite!comme!la!DNMT!impliquée!dans!le!maintien!de!la!méthylation!durant!
la! réplication!cellulaire.!De!plus,!DNMT1!est!exprimée!principalement!durant! la!phase!S!du!
cycle! cellulaire,! phase! pendant! laquelle! l’ADN! est! répliqué! et! la!méthylation! des! cytosines!
également.!DNMT1!est!également!présente!au!niveau!de! la! fourche!de! réplication,!via! son!
interaction!avec!des!protéines!telles!que!PCNA!et!UHRF1!(Figure!13)!(Leonhardt!et!al.,!1992).!
L’inactivation! de! DNMT1! dans! les! cellules! souches! embryonnaires! (ES)! ou! les! embryons!




















Figure)13) :)Modèle) illustrant) le)maintien)de) la)méthylation) lors)de) la)réplication.)La!méthyltransférase!1!
(DNMT,! rond! rouge)!est! recrutée!au!niveau!de! la! fourche!de! réplication!par! interactions!avec! la!protéine!
UHRF1!(ovale!turquoise).!Elle! interagit!également!avec! l'ADN!hémiméthylé!et!avec! l’antigène!nucléaire!de!
prolifération!cellulaire!(PCNA,!ovale!bleu).!Les!cercles!noirs!et!gris!représentent!respectivement!les!cytosines!














al., 1998).!Les protéines DNMT3A et B ont une forte homologie de séquence et présentent
des!domaines!protéiques!communs!:! i)!un!domaine!catalytique!(C!terminal),! ii)!un!domaine!






deux! stades! subissant! d’intenses! méthylations! de' novo.! Leurs! expressions! somatiques!
restent!très!faibles!à!partir!du!milieu!de!la!gestation!sauf!dans!certains!tissus!incluant!la!rate,!
le!thymus!et!le!cerveau.!
DNMT3L! a! été! découverte! par! homologie! de! séquence! avec! les! autres! DNMT3.! Elle! est!





Il! existe! deux! voies! de! déméthylation! de! l’ADN,! l’une! passive,! liée! à! la! non! réplication! de! la!




ou! sur! le! locus!Bdnf! (BrainMderived! neurotrophic! factor)! (Kangaspeska! et! al.,! 2008;!Métivier! et! al.,
2008).! Cette! déméthylation! active! passe! principalement! par! l’oxydation! par! les! protéines! TET! des!
cytosines! méthylées! (5mC)! en! hydroxyméthylcytosine! (5hmC).! Ces! mêmes! protéines! sont! aussi!
capables!de!modifier!la!5hmC!en!5Mformylcytosine!(5fC)!puis!en!5Mcarboxylcytosine!(5McaC),!in'vitro!et!
in' vivo' (He! et! al.,! 2011;! Ito! et! al.,! 2011).! La! transformation! de! la! 5mC! en! 5fC! ou! 5caC! conduit! à!











































perdus!par! la! réplication! via! la! déméthylation!passive.! La! 5hmC!peut! être!désaminée!par!AID/APOBEC!et!
devenir! une! 5Mhydroxymethyluracil! (5hmU)! qui,! avec! la! 5fC! et! la! 5caC,! peuvent! être! excisées! par! une!




L'ADN! des! mammifères! contient! des! formes! oxydées! de! la! 5Mméthylcytosine! (5mC).! La! plus






reprogrammation! de! l’œuf! fécondé! pendant! le! développement! embryonnaire! des! mammifères
(Szulwach!et!al.,!2011;!Tahiliani!et!al.,!2009).!L’existence!de!la!5hmc!dans!des!cellules!différenciées!et!
dans!plusieurs!tissus,!notamment!le!cerveau,!suggère!qu’elle!n’est!pas!qu’une!simple!transition!d’un!
état!méthylé! à! un! état! non!méthylé!mais! qu’elle! existe! en! tant! que! telle! (Kriaucionis! and! Heintz,!

















































Les îlots CG!sont retrouvés, entre autres, dans les promoteurs et l’exon 1!des gènes. Les CGIs sont
généralement! déméthylés,! indépendamment! de! l’état! transcriptionnel! du! gène.! Ces! régions!
semblent! protégées! de! la! méthylation! de' novo! par! un! mécanisme! encore! mal! décrit.! Bien! qu’ils!
soient! déméthylés,! les! promoteurs! à! CGI! présentent! un! enrichissement! en! H3K4me2,! marque!
inactive,!qui!leur!assure!un!état!transcriptionnel!inactif!(Weber!et!al.,!2007).!
En!dehors!des! régions! soumises!à! l’empreinte!parentale,!dans! les! cellules! somatiques!3%!des! îlots
CGs! sont!méthylés! (Weber!et!al.,! 2007).! Les! îlots!CG!hypermethylés! sont! localisés! surtout!dans! les!
promoteurs! des! gènes! de! régulation! du! développement! embryonnaire! comme! homeobox! et! PAX!

















Promoteurs!à! faible!densité!en!CGs! (Low!CG!Promoter! :! LCP)!:!Cette! classe!de!promoteur!possède!
peu!de!dinucleotides!CG,!mais!leur!fréquence!varie!selon!les!nomenclatures.!Ils!sont!définis!comme
des!séquences!contenant!entre!10!à!20!CGs!par!kilobase!(kb)!(Weber!et!al.,!2007).!Contrairement!aux!
CGI,! les! CGs! de! ces! promoteurs! sont! généralement! méthylés.! Certains! travaux! suggèrent! que! la!
méthylation!des!CGs!des!LCP!n’empêche!pas!la!transcription!du!gène!(Ball!et!al.,!2009;!Meissner!et!al.,!
2008).! Cependant,! l’étude! du! profil! de! méthylation! dans! les! cellules! différenciées! montre! que! la!
plupart!des!changements!d’expression!de!gène!est!associée!à!des!modifications!de!méthylation!au!
niveau!des!CGs!des!promoteurs!LCPs!(Rakyan!et!al.,!2008;!Yagi!et!al.,!2008).!Le!rôle!de!la!méthylation!
des!promoteurs! LCP! reste!à!définir.! Jusqu’!à!présent,! les! LCP n’ont!pas! suffisamment!étudiés!pour
déterminer! leurs! rôles! dans! la! régulation! de! la! transcription.! En! effet,! comme! nous! le! disions,! les!































Le génome des mammifères subit des changements dynamiques de la méthylation de!l’ADN dans le
cycle! de! la! vie! de! chaque! individu.! L’établissement! de! la! méthylation,! où! ce! qu’on! appelle! la!









Figure)16) :) Cycle)de) l'épigénome.)Représentation!schématique!du!niveau!global!de!méthylation!de! l’ADN!
dans! les!cellules!germinales!primordiales!(PGC)!à!gauche!et!de! la!fécondation!à! la!vie!adulte!(à!droite).!La!
ligne!rose!représente!la!méthylation!dans!les!gamètes!femelles!puis!dans!le!pronucléus!femelle,!de!même!la!










la! déméthylation! et! conservent! leurs!marques! initialement! établies! dans! les! gamètes,! ce! sont! les!
régions! soumises! à! l’empreinte! parentale.! L’empreinte! parentale! est! un!mécanisme! par! lequel! un!
seul!des!deux!allèles!parentaux!s’exprime,!en!fonction!de!son!origine!parentale.!Après!la!nidation,!le!




































génome! de! ces cellules subit une! reprogrammation de! ses marques épigénétiques. La
reprogrammation! épigénétique! touche! à! la! fois! la! méthylation! de! l’ADN! et! les! marques! de! la!
chromatine.!Contrairement!à! la!première!vague!de!déméthylation,! la!deuxième! touche! l’ensemble!
du! génome! y! compris! les! régions! soumises! à! l’empreinte.! Cependant,! les! régions! répétées! sont!
partiellement!déméthylées!afin!d’éviter!des!évènements!de!délétion!aléatoire!ou!de!réactivation!des!











gamètes! puis! à! la! pluripotence! des! toutes! premières! cellules! de! l’embryon.! La! remise! à! zéro! des!
marques!épigénétiques!provenant!des!parents!n’est!cependant!pas!totale!dans!l’embryon.!Certaines!
marques! échappent! à! l’éffacement! (Figure! 17).! Au! sein! de! l’embryon,! les! cellules! sont! au! départ!
(presque)! identiques.! Elles! vont! rapidement! recevoir! des! signaux! très! orchestrés! les! conduisant! à!
activer!ou! inactiver!certains!de! leurs!gènes!pour!se!différencier!en!telle!ou!telle! lignée!cellulaire!et!
construire!l’organisme!(Figure!7,!Waddington,!1942).!Les!marques!épigénétiques!alors!mises!en!place!
doivent!se!transmettre!au!cours!des!divisions!cellulaires,!pour!qu’une!cellule!de!foie!reste!une!cellule!











































l’homme.) Le! gène!OBSCN' est! pris! comme! exemple.! Dans! l’embryon! dès! les! premiers! clivages,! une! région! de! 130! kb,!
surlignée!en!bleu,! reste! spécifiquement!méthylé! tandi! que! les! régions! flanquantes,! en!blanc,! sont! déméthylées.! Chaque!
point!représente!un!CG!capturé!par!RRBS!(Reduce!Representation!Bisulfite!Sequencing).!L'axe!des!ordonnées!représente!la!
méthylation!de! l'ADN!mesurée!par! la! fréquence!des!CGs!méthylés!capturés!(comprise!entre!0!et!1).!Tiré'de'(Smith'et'al.,'
2014))
!




être! une! barrière! contre! la! dédifférenciation! cellulaire.! En! effet,! l’inactivation! des! marqueurs! de!





méthylation! de' novo! est! responsable! de! la! répression! des! gènes! de! pluripotence,! des! gènes!
spécifiques!de!la!lignée!germinale!et!des!gènes!spécifiques!selon!la!lignée!cellulaire.!La!méthylation!
de! l’ADN!augmente! de! façon! globale! dans! l’embryon!et! s’achève! vers! le! stade! embryonnaire! E6.5!
(Borgel!et!al.,!2010).!A!partir!de!la!phase!embryonnaire!E7.5!caractérisée!par!une!activité!mitotique!




Bien! que! l’ensemble! des! cellules! de! l’embryon! avance! vers! un! état! de! plus! en! plus! différencié,!
certaines! cellules! individuelles! gardent! une! certaine! plasticité! dont! l'ampleur! dépend! du! stade! de!
développement.! La! restriction! progressive! de! plasticité! cellulaire! s’accompagne! de! modifications!






















Du! fait! de! la! transmission! mitotique,! une! modification! d’une! marque! épigénétique! imprimée! à!









































Figure) 19:) Représentation) schématique) de) la) transmission) intergénérationnelle) des) marques)
épigénétiques.) L’exposition' in' utero! d’une! femme! (F0)! à! un!phénomène!environnemental! (l’éclair!
noir)!peut!provoquer!des!changements!épigénétiques!sur!l’embryon!F1!en!développement!et!sur!sa!




le! rat! nouveauMné.! Dans! ce! cas! le! comportement! maternel! modifie! l’épigénétique! de! la! fille,! qui!











souriceaux! contrôles! (High! LG,! en! blanc! sur! l’histogramme)! passent! les! premières! semaines! de! leur! vie! à!
proximité!immédiate!de!leur!mère!qui!les!lèche!régulièrement.!A!l’inverse,!les!souriceaux!délaissés!(Low!LG,!en!
noir! sur! l’histogramme)! vont! être! séparés! quotidiennement! de leur! mère,! empêchant! de! ce! fait! les! soins!
maternels.!Ces!différences!de!traitement!conduisent!à!des!variations!de!méthylation!de!l’ADN!sur!le!promoteur!
du!gène!codant!pour!le!récepteur!aux!glucocorticoïdes!(GR).!L’histogramme!de!gauche!représente!en!abscisse!
15! CGs! du! promoteur! du! gène!GR! et! en! ordonnées! leur! pourcentage! de!méthylation.! Sur! certains! CG,! nous!















































et!en!petite!proportion.!C’est! la! transmission!de!marques!épigénétiques!des!parents!à! leur!enfant,!
rendue! possible! par! le! non! effaçage! de! ces! marques,! pourtant! la! règle! habituelle! décrire!
précédemment dans le cycle de l’épigénome. Certaines marques de méthylation, en!petit nombre,
persistent! inchangées! ou! presque! dans! l’embryon! alors! que! les! autres,! en! grande! majorité! sont!
effacées!puis!reprogrammées!à!partir!de!«!zéro!».!
Citons! deux! exemples! d’une! telle! transmission.! Après! exposition! à! la! vinclozoline,! des! anomalies!




















Figure 21:) Influence des facteurs environnementaux sur l’épigénome de plusieurs générations.) (a)) Le! père! de! la!
génération! F0,! en! haut! à! gauche,! a! été! conditionné! pour! associer! deux! évènements!:! l’odeur! de! l’acétophénone! ou! du!
propanol! et! un! choc! électrique! au! niveau! de! la! patte.! Il! se! créé! ainsi! un! conditionnement! de! peur! qui! peut! être! induit!




une!réaction!de!peur!exacerbée!à! l’odeur!d’acétophénone! lorsque! leur!père!y!avait!été!conditionné.!Les!souris! issues!de!
pères! conditionnés! au! propanol! n’ont! pas! montré! de! différence! significative! quant! à! elles,! dans! leur! comportement,!
comparées!aux!souris! issues!de!pères!non!conditionnés.!Afin!de! tester!comment!ce!comportement!de!peur!pouvait!être!
transmis!de!génération!en!génération!suite!à!une!exposition!à!l’acétophénone,!les!auteurs!de!cette!recherche!ont!mesuré!
la!méthylation!de!gènes! codant!pour!des! récepteurs!olfactifs!dans! le! sperm!des! souris! F0! (b) et) d)! et! F1! (f).! Ils!ont! ainsi
montré!des!différences!de!méthylation!significatives!sur!certains!CGs!entre!les!souris!exposées!à!l’acétophénone!(en!noir)!
et! celles!exposées!au!propanol! (en!gris).! Il! s’agit!de! l’un!des!premiers!exemples!de! transmission!d’un!comportement!via
l’épigénétique.!Tiré'de!(Szyf,!2014)'

























































































































































L’importance! de! cette! marque! située! «! auMdessus! »! du! génome! a! été! mise! en! évidence! par! les!
travaux! de! Riggs! et! Holliday! en! 1975! qui! décrivent! pour! la! première! fois! son! implication! dans! la!
régulation!de!l’expression!génique!(Riggs,!1975).!Son!action!inhibitrice!a!été!démontrée!d’abord!dans
un!contexte!artificiel.!Les!études!des!années!80!ont!montré!l’inhibition!de!la!transcription!d’un!gène!
plasmidique! sous! le! contrôle! d’un! promoteur! artificiellement! méthylé! dans! une! lignée! cellulaire!
(Stein!et!al.,! 1982).! La! réactivation!de! la! transcription!des!gènes! faisant! suite!à! l’action!d’un!agent!
démethylant! (5MazaMcytidine)! a! ainsi! permis! de! montrer! le! rôle! causal! de! la! méthylation! dans!
l’inhibition!de!la!transcription!(Mohandas!et!al.,!1981).!
!
La! poursuite! des! études! sur! la! méthylation! de! l’ADN! a! permis! de! déterminer! les! mécanismes!
moléculaires! intervenant! dans! la! régulation! de! l’expression! génique! (Figure! 22).! Ces! mécanismes!
sont!décrits!dans!les!paragraphes!suivants.!
!
M En bloquant la!fixation de certains facteurs de transcription sensibles à! la!méthylation d’ADN.!Les
séquences! consensus! de! liaison! de! certains! facteurs! contiennent! un! ou! plusieurs! CG! qui! lorsqu’ils!
sont! méthylés! empêchent! leur! fixation.! Par! exemple! le! facteur! SP1! ne! peut! pas! se! fixer! sur! son!
élément! cis! s’il! est! methylé.! D’autres! exemples! de! facteurs! de! transcription! obéissant! au! même!
mécanisme!sont!CREB,! la! famille!des! facteurs!E2F! (Campanero!et!al.,! 2000;! IguchiMAriga!and!Ariga,!
1989),!etc.!
!
M En recrutant des répresseurs et des coMrépresseurs.!Certaines protéines sont!capables de se lier!à




totale! de! la! transcription.! Mais! Mecp2! peut! également! interagir! avec! d’autres! protéines! afin! de!






un! profil! de! méthylation! particulier, une! hypoMméthylation! de! leurs! promoteurs! et! une! hyperM
méthylation! intragénique! (Ball! et! al.,! 2009).! Les! facteurs! de! transcription! et! l’ARN! polymérase!
peuvent! se! fixer! tout! le! long! du! génome.! Leurs! séquences consensus! sont! des! séquences!
nucléotidiques! courtes! (6M20!nucléotides).!Ces!motifs! en!dehors!des!promoteurs! sont!méthylés,! ils!
sont!ainsi!non!accessibles!à!l’ARN!Pol!II!et!à!la!machinerie!de!transcription.!
!
M! L’établissement! de! l’empreinte! génomique! et! l’inactivation! du! chromosome! X.! L’expression! des!
gènes soumis! à! l’empreinte! parentale! est! régulée! par! une! méthylation! allèle! dépendante! (Allele'
Specific'Methylation,!ASM)!au!niveau!des!ICR!(Meaburn!et!al.,!2010).!L’inactivation!du!chromosome!X!





ce!mécanisme! la!méthylation! de! l’ADN! stabilise! un! état! condensé! de! la! chromatine! (Guibert! and!
Weber,!2013).!
!
M Méthylation et épissage alternatif.!La!méthylation!des!jonctions!exonMintron peut jouer un rôle dans





M! Stabilité! du! génome.! La!méthylation! d’ADN! réprime! la! transcription! des! éléments! transposables
considérés!comme!«!parasitaires!»!pour!le!génome.!Leurs!abondances!et!leurs!fortes!homologies!de!
séquence!donnent! la!faculté!de!changer!de! localisation!dans! le!génome!et!d’augmenter! les!risques!
mutagènes.!En!effet,! l’hypomethylation!augmente! la!possibilité!de!recombinaison!entre! les!régions!
homologues! répétées! ainsi! que! les! régions! télomèriques! (Bourc’his! and! Bestor,! 2004).!














Figure 22:) Schématisation de l’ensemble) de) processus épigénétiques modulant l’expression) des gènes.)
L’acétylation!des!histones!est!associée!à!l’expression!des!gènes!les!facteurs!de!transcription!noté!(TF)!sont!
capable! de! se! fixer! sur! le! promoteur! du! gène,! la! méthylation! de! l’ADN! et! les! micro! ARN! inhibe! la!
transcription.)La!méthylation!dans!ce!cas!bloque!la!fixtation!des!facteurs!de!transcription!sur!le!promoteurs!






































l’hétérochromatine.! Ceci! prouve! qu’il! y! a! des! mécanismes! moléculaires! reliant! les! deux! marques!
épigénétiques.!Aujourd’hui!il!est!bien!établi!que!les!modifications!des!histones!et!la!méthylation!de!
l'ADN! interagissent! entre! elles! pour! réguler! l’expression! des! gènes.! Cette! interaction!met! en! jeux!
divers complexes protéiques: i) les methyl!binding Protein domain MBD (Bird and Wolffe, 1999) ; ii)
les! enzymes! responsables!des!modifications!postMtraductionnelles!des!histones! (méthyltransférase,!
déméthylases,!acétylases!et!désacétylase…)!(Ciccarone!et!al.,!2012;!Jelinic!et!al.,!2006).!
En!dehors!des!MBD,!les!enzymes!DNMT!peuvent!également!se!lier!à!l’ADN!méthylé!et!aux!protéines!










les! ronds! rouges! la!méthylation!de! l’ADN!et! les! ronds!verts! l’acétylation!des!histones.!Tiré'de' (Moonat'et'
Pandey,'2012).'
!
3.2.5 Les variations*de méthylation de*l’ADN
3.2.5.1� Les!régions!génomiques!qui!présentent!des!différences!de!méthylation!
Une! région! différentiellement! méthylée! (Diffrentially' methylated' region,' DMR)' peut! se! définir!










1999; Bjornsson!et al.,!2008 ; Rakyan!et al., 2010). Les changements de!méthylation de!l'ADN liés à!
l'âge!sont!associés!à! la! sénescence!cellulaire!et!à! la! longévité,!mais! les!causes!et! les!conséquences
fonctionnelles! de! ces! variations! de!méthylation! restent! inconnues.! Certains! auteurs! postulent! que!!
ces!changements!de!méthylation!au!fil!du!temps!répondent!à!une!accumulation!d’exposition!à!des!















souris! âgées! de! 12! semaines! ont! permis! l’identification! des! premiers! tDMRs.! En! 2009,! la! même!
équipe!a!établi! le!profil!de!méthylation!des! tDMRs!à!partir!de!différents! tissus!murins!au!cours!du
développement! embryonnaire! et! des! cellules! embryonnaires.! La! méthylation! observée! dans! les!
cellules!ES!est!complétement!différente!de!celle!de!cellules!différenciées.!La!méthylation!des!tDMRs!
change! au! cours! des! stades! embryonnaires.! Les! gènes! déméthylés! dans! les! tissus! adultes,! sont!
généralement! méthylés! durant! les! stades! embryonnaires! précoces! puis! perdent! progressivement!




Dans! le! cadre! d’un! projet! d’analyse! de! l’épigénome! (Human! Epigenome! Project! HEP! :!
http://www.epigenome.org/index.php?page=pilotproject),! une! variabilité! dans! la! méthylation! de!
l’ADN!entre!individus!a!été!mise!en!évidence!(Rakyan!et!al.,!2004).!Contrairement!aux!autres!régions!
différentiellement! méthylées! déjà! citées! dans! les! paragraphes! précédents,! la! terminologie! des
variations! individuelles! de! méthylation! n’est! pas! unique.! Chaque! auteur! a! utilisé! sa! propre
nomenclature.!
!
Epiallèles.! Un! épiallèle! est! une! région! génomique! subissant! des! modifications! épigénétiques!
variables! entre! les! individus! au! sein! d’une! population! naturelle.! Ces! modifications! épigénétiques!




stables! et! maintenus! au! cours! des! divisions! cellulaires! mitotiques.! Les! épiallèles! sont! capables
d’influencer! un! phénotype! en! modulant! l’expression! des! gènes.! Les! exemples! illustrant! ce!
mécanisme!sont!nombreux!dans!le!monde!végétal!où!les!épiallèles!sont!largement!décrits!(Zilberman!
et al., 2007).!Un épiallèle peut être une conséquence d’un!événement génétique, environnementale
ou! stochastique.! Les! épiallèles! peuvent! donc! être! classés! selon! l’évènement! impliqué! dans! son!
apparition!:!on!peut!distinguer!des!épiallèles!«!obligatoires!»,!«!facilités!»!et!«!purs!»!(«!Obligatory!»
«!Facilitated!»! and! «!Pur!»! epiallele)! (Richards,! 2006).! Les! épiallèles! «!obligatoires!»! et! «!facilités!»
sont!issus!d’un!évènement!génétique,!contrairement!aux!épiallèles!«!purs!»!dont!l’apparition!est!liée!
à!un!évènement!stochastique!ou!environnemental!indépendamment!des!variations!génétiques.!Ces!
évènements! seront! détaillés! dans! un! paragraphe! suivant! sur! les! causes! de! la! variabilité! de! la!
méthylation!de!l’ADN.!
!
Epiallèles) métastables.! Le!mécanisme!moléculaire! qui! régule! l’expression! du! gène!Agouti' chez! la!
souris!et!ses!conséquences!phénotypiques!ont! introduit! la!notion!d’épiallèle!dans! le!monde!animal
(Argeson! et! al.,! 1996;! Siracusa! et! al.,! 1995).! L’insertion! spontané! d’un! rétrotransposon! IAP! non!
méthylé! en! amont!du! gène!Agouti! entraîne!une! couleur! jaune!du!pelage! et! une!prédisposition!au!
diabète.!La!méthylation!de!cet!IAP!restaure!le!phénotype!et!donne!une!couleur!brune!au!pelage.!Plus!
tard,!Rakyan!et! son!équipe!ont!proposé! le! terme!d’épiallèle!métastable! («!metastable!epiallele!»! :!
ME)!pour!caractériser!les!épiallèles!mis!en!place!pendant!les!stades!embryonnaires!précoces!et!de!ce!
fait!présents!dans!toutes!les!cellules!de!l’organisme!(Rakyan!et!al.,!2002).!Ces!épialleles!métastables!
peuvent! être! définit! également! comme! des! régions! génomiques! subissant! des! modifications!
épigénétiques!variables!et!réversibles,!se!produisant!dans!des!cellules!génétiquement!identiques,!et!
entrainant! des! changements! phénotypiques! (Jirtle! and! Skinner,! 2007).! Des! études! récentes! du!
méthylome!ont!permis!l’identification!d’épiallèles!métastable!chez!l’homme!(Figure!24)!(DominguezM
Salas!et!al.,!2014;!Harris!et!al.,!2013;!Waterland!et!al.,!2006).!Ces!régions!ME!ont!été!validées!dans!




















Figure 24 :)Exemples d'épiallèles métastables chez l'homme. Ces épiallèles métastables (ME) ont été mis en!
évidence!dans!une!population!gambienne!soumise!à!des!variations!saisonnières!d’apport!en!acide!folique.!
Ce! graphique! représente! la! méthylation! des! MEs! dans! 2! tissus!:! les! cellules! sanguines! (PBL)! d’origine!






VMR) (Variably) methylated) region).! Feinberg! et! collaborateurs! ont! étudié! 74! personnes! avec! une!
puce! «!CHARM!»! analysant! 4,5!millions! de!CGs! et! incluant! des! îlots! CG! et! des! régions! de!moindre!
densité!CG!provenant!d’échantillons!d’ADN!extraits!des!lymphocytes!circulants.!Ils!ont!identifié!227!





moitié!de! ces!VMR!était! stable! sur!une!période!de!11! ans,! les! sujets! ayant! été! étudiés!durant! cet!
intervalle! de! temps.! Cet! article! représente! une! des! premières! définitions! d’une! signature!
épigénomique! personnalisée! chez! l’homme,! et! de! sa! plasticité! au! fil! du! temps,! fondée! sur! les!
variations!les!plus!extrêmes!(et!les!plus!indiscutables!de!ce!fait)!de!la!méthylation!des!CGs!de!notre!
génome.! Mais! ces! variations! extrêmes! sont! loin! de! résumer! toute! la! gamme! des! variations!
individuelles,! qui! peuvent! être! moins! extrêmes! et! néanmoins! biologiquement! importantes.! La!






iiDMR.! Gemma! et! ses! collaborateurs! ont! étudié! 3! vrais! jumeaux! avec! une! puce! Illumina! 450K,!
interrogeant!369,908!CGs!contenus!dans!les!promoteurs,!les!enhancers!et!les!CGI!provenant!d’ADN!





2007;! Thambirajah! et! al.,! 2006).! Les! iiDMR! identifiés! sont! stables! sur! une! période! de! deux! ans.!
D’après! les!auteurs,! les! iiDMRs!sont!situées!au!niveau!des!promoteurs!des!gènes!non!exprimés!ou!
faiblement!exprimés!dans! les!CD14+.!Ce!travail!représente! la!première!étude!qui!a! intégré!à! la!fois!
des!analyses!de!l’épigénome,!du!génome!et!le!niveau!d’expression!génique.!Grâce!à!cette!stratégie,!
Gemma! et! ses! collaborateurs! ont! mis! en! évidence! des! régions! différentiellement! methylées
indépendamment! des! effets! en! cis! des! variants! génétiques.! Ils! suggèrent! de! classer! les! iiDMR! en!
épiallèle,! en! se! basant! sur! le! fait! que! les! iiDMR! sont! des! régions! exposées! à! des! perturbations!
chromatiniennes.!En!revanche,!ils!n’ont!pas!réussi!à!montrer!un!lien!entre!des!iiDMRs!situés!dans!les!













Une! mutation! ou! un! polymorphisme! génétique! peut! faire! varier! la! méthylation! de! l’ADN.! Les!!
exemples!les!plus!connus!sont!cités!ciMdessous.!







répresseurs! et! perd! ainsi! son! action! répressive.! Les! ! conséquences! phénotypiques! associées! aux!
mutations! du! gène!Mecp2! sont! généralement! des! défauts! dans! le! dévoloppement! et! des! troubles!









associations! préférentielles! entre! les! allèles! de! certains! SNPs! et! la! méthylation! de! certains! CGs
(Fradin!et!al.,!2012).!Des!études!récentes!ont!montré!que!ces!ASMs!étaient!répartis!sur! l’ensemble!
du!génome!et!pouvaient!présenter!des!différences!entre!les!tissus.!L’ASM!est!un!modèle!qui!illustre!
l’interaction!entre! la!méthylation!et! les!variants!génétiques.!Cette! interaction!existe!sous!forme!cis
ou!trans.!Les!ASMs!en!cis!sont!les!plus!répandus!dans!le!génome!humain.!La!méthylation!d’ADN!peut!
varier! selon! une! action! cis! de! certains! polymorphismes! au! niveau! de! dinucléotides! CGs! distants
d’environ!1!à!3!kb!(Banovich!et!al.,!2014).!Par conséquent,!certains!génotypes!peuvent!s’associer!à
un!état!de!méthylation!différent! (Bell!et!al.,!2011;!Kerkel!et!al.,!2008;!Gibbs!et!al.,!2010).!Les!ASM
sont!de!plus!en!plus!étudiés!et!au!moins!3,500!sites!ont!ainsi!été! identifiés! sur! le!génome!humain!
(Schalkwyk!et!al.,! 2010).!Une!minorité!des!ASMs!est! issue!des!effets! trans! de! facteurs! tels!que! les!
événements!stochastiques!ou!des!loci!soumis!à!empreinte.!Manolio!et!ses!collaborateur!pensent!que!
ce! type! d’ASM! pourrait! être! responsable! de! l’héritabilité! manquante! de! certaines! maladies
multifactorielles!(Manolio!et!al.,!2009).!Le!mécanisme!moléculaire!qui!lie!les!variants!génétiques!à!la!












L’établissement! de! la! méthylation! est! un! processus! dynamique! pendant! lequel! les! modificateurs!
environnementaux! sont! potentiellement! capables! de! changer! l’état! de!méthylation! dans! certaines!
régions génomiques comme les épiallèles.!Chez les mammifères, les deux vagues de!déméthylation
et! reméthylation! du! génome! se! font! de! façon! programmées! et! prévisibles.! En! revanche,! le
rétablissement!des!marques!épigénétiques!des!épiallèles!métastables!est!un!événement!non!régulier.!




déterminant!de! l’établissement!de! la!méthylation!de! l’ADN!du! fœtus.!En!effet,'dans!une!cellule!de!
mammifère,! la! disponibilité! en! méthionine! est! fortement! modulée! par! l’alimentation! (Figure! 12).!
Plusieurs!études!chez!la!souris!ont!montré!qu’un!régime!alimentaire!riche!en!acide!folique,!donneur!
de!méthionine,!permet!une!méthylation!efficace!de!l’IAP!du!gène!Agouti!chez!le!fœtus,!se!traduisant!
par! un! pelage! brun! de! la! progéniture,! tandis! qu’un! régime! alimentaire! pauvre! en! acide! folique!
conduit! à! un! pelage! jaune! (Waterland,! 2014).! Des! études! épidémiologiques! chez! l’homme! ont
également! mis! en! évidence! l’influence! du! régime! alimentaire! durant! la! grossesse! sur! le! profil! de!
méthylation!d’ADN!de! l’enfant! (DominguezMSalas!et!al.,!2014).!Certains!substrats! (l’acide! folique,! la!
méthionine,!l’homocystéine,!la!choline…!Figure!12)!représentent!à!la!fois!un!indice!de!méthylation!et
un! indice! d’apport! nutritionnel.! Les! niveaux! de! ces!marqueurs!mesurés! dans! le! sang! des! femmes!
gambiennes!enceintes!changent!selon!l’apport!nutritionnel!de!la!saison.!Ces!changements!semblent
affecter! la!méthylation!des!épiallèles!métastables.!Les!enfants!conçus!dans!la!saison!pluvieuse!sont






peuvent! influencer! de! façon! plus! ou!moins! pérennes! la!manière! dont! les! gènes! sont! exprimés,! et!
donner!lieu!à!une!mémoire!biologique!pouvant!avoir!des!répercussions!à!vie!(Figure!25)!(Murgatroyd!
et!al.,!2009).!Meaney et!ses!collaborateurs!ont!ainsi!montré!que!le!délaissement!maternel!pendant!




Notons! toutefois!que!ces!modifications!épigénétiques!observées! sont! réversibles!par!une! injection!












souriceaux! qui! seront! séparées! quotidiennement! et! aléatoirement! de! leur! mère,! créant! ainsi! une! carence! de! soins!
maternels!engendrant!un!stress!(!«!ELS!»!pour!Early!Life!Stress,)!(a)!Histogramme!de!la!méthylation!du!promoteur!du!gène!
AVP' (Arginine!Vasopressin)!mesurée!dans! le!noyau!PVN!de! l’hypothalamus.!Les!CGs! testés!sont!numérotés!de!1!à!33!en!






Il!est!possible!également!que!pendant! la!vie!adulte,! l’environnement!fasse!varier! la!méthylation!de!
l’ADN! en! certains! sites.! Le! mécanisme! reste! inconnu! mais! certaines! études! épidémiologiques!









un!groupe!de!patients!et!un!groupe!d’individus! sains.! Les!DMRs!commencent!à!apparaître!dans! la!
littérature!médicale.!Les!études!qui!visent!à!associer!les!différences!du!méthylome!à!des!pathologies!

































































M� dans!une!étude!publiée!en!2013,!DelgadoMCalle!et! ses!collègues!ont!comparé! les!profils!de!
méthylation!du!génome!entier!de! femmes!atteintes!d'ostéoporose!et!de! femmes!souffrant
d'arthrose.! Ils! ont! détecté! environ! 250!DMRs.! Ces!DMRs! sont! situées! principalement! dans
des! régions! codants! pour! des! facteurs! de! transcription! impliqués! dans! la! différenciation!
cellulaire!et!la!formation!du!squelette!(DelgadoMCalle!et!al.,!2013).!
!
M� Jeffries! et! ses! collaborateurs! ont! détecté! des! différences! de! méthylation! dans! les!
lymphocytes! T! CD4+! de! patients! sains! et! de! patients! atteints! de! lupus,! une!maladie! autoM
immune.!Ils!ont! identifié!341!DMRs,!dont!236!étaient!moins!méthylés!et!105!plus!méthylés





















1957! (Salmon!and!Daughaday,! 1957).! Ils! ont!montré!que! cette!protéine! stimule! l’incorporation!du!
sulfate!par!le!cartilage!de!croissance!du!rat.!Pour!cette!raison!la!protéine!a!été!nommée!«!facteur!de!
sulfatation! ».! Au! début! des! années! 1970,! les! travaux! menés! sur! cette! protéine! ont! montré! sa
physiologie! pléiotrope! et! sa! capacité! de! médier! les! effets! de! l’hormone! de! croissance! (Growth!
Hormone,! GH),! d’où! son! nom!«! somatomédine! »! (Laron,! 2001;! Salmon! and!Daughaday,! 1990).! La





Aujourd’hui,! les! rôles! de! la! protéine! IGF1! dans! les! processus! de! biologie! cellulaire! sont! bien!
caractérisés! :! l’IGF1! intervient! dans! la! prolifération,! la! différentiation,! la!migration! et! la! survie! de!
nombreux types cellulaires (Jones and Clemmons, 1995; Koutsilieris et!al., 2000; Siddle et!al., 2001).!
Selon!le!tissu,!l’IGF1!exerce!ses!effets!selon!un!mode!endocrine,!autocrine!et/ou!paracrine.!
4.3 PHYSIOLOGIE DE L’AXE GH/IGF1
L’axe! GH/IGF! est! une! voie! endocrine! clé! de! la! croissance! postnatale.! La! physiologie! de! cette! voie!
obéit! à!une!boucle!de!plusieurs! rétrocontrôles.! L’hormone!de! croissance! (GH)!est!produite!par! les!
cellules!somatotropes!de!la!partie!antérieure!de!l’hypophyse!et!libérée!par!pulses!dans!la!circulation.!
Les!pulses!de!GH!sont!générés!sous!l’effet!de!deux!peptides!hypothalamiques.!La!somatolibérine!ou!
GHRH! (Growth! Hormone! releasing! hormone)! induit! la! sécrétion! de! GH.! La! somatostatine! GHIH!
(Growth! hormone! inhibiting! hormone)! ou! SRIF! (Somatotropin! releaseMinhibiting! factor)! l’inhibe.! La!
sécrétion!pulsatile!de!la!GH!est!dûe!à!l’alternance!des!effets!de!GHIH!et!GHRH,!eux!mêmes!secrétés!
de! façon! pulsatile! (Bick! et! al.,! 1992;! Tannenbaum! and! Ling,! 1984).! Des! informations! venant! du!
cerveau! tels!que! le! sommeil!et! le! stress!ou!de! la!périphérie! tels!que! l’hypoglycémie!et! le! taux!des!
acides! aminés! sont! intégrées! par! des! neuromédiateurs! pour! stimuler! la! production! du! GHRH.!











La!GH!augmente! la!production!d’IGF1!dans!de!nombreux! tissus!et!par! suite!dans! la! circulation.! Le!
transport!d’IGF1!dans! la!circulation!sera!détaillé!au!paragraphe!4.6.!L’augmentation!du!taux!d’IGF1!
circulant!inhibe!la!sécrétion!hypophysaire!de!GH!(Clark!et!al.,!1996).!L'administration!d'IGF1!réduit!la!
sécrétion! de! GH.! L’absence! d’IGF1! circulant! chez! les! souris! KO! mutante! IGF1M/M! entraine! une!
augmentation! de! la! sécrétion! de! GH! (Liu! and! LeRoith,! 1999).! La! GH! exerce! directement! un!






voies! JAK/STAT!(STAT!pour!Signal! transducers!and!activators!of! transcription),!MAP!(pour!MitogenM
Activated!Protein)!kinases!et!IRS/PI3K!(pour!Insulin!Receptor!Substrate!et!pour!PhosphatidylinositolM


















récepteur! pour! exercer! directement! ses! effets! sur! le! foie! et! le! tissu! adipeux.! Elle! agit! également! via! la!




Une! fois! fixée! sur! son! récepteur,! la! GH! entraine! un! changement! conformationnel! du! GHR! et! un!
rapprochement!physique!des!molécules! JAK2!conduisant!à! leur!phosphorylation.!Ainsi! activé,! JAK2!



























de! la! signalisation! de! la! GH.! Il! est! présent! sous! forme! inactive!monomérique! dans! le! cytoplasme.!
STAT5b!se!fixe!sur!ses!sites!d’ancrage!spécifiques!entrainant!ainsi!sa!propre!phosphorylation.!STAT5b
phosphorylé se dimérise et est transporté vers le noyau! où! il active la transcription! de plusieurs
gènes,! notamment! IGF1! et! ALS! (Acid! Labile! Subunit).! La! voie! JAK/STAT! induit! l’expression! de! la!






4.4� LES) MALADIES) GENETIQUES) MENDELIENNES) (MONOGENIQUES)) DE) LA)
PRODUCTION)D’IGF1)
Nous! ne! parlerons! pas! des! causes! acquises! (tumeurs,! infiltrations)! de! défaut! de! sécrétion! de!
l’hormone!de!croissance,!ni!des!causes!acquises!de!résistance!à!l’hormone!de!croissance!(dénutrition,!








Son! incidence! est! de! 1/4000! à! 1/10000! naissances.! La!majorité! des! cas! sont! sporadiques.! Les! cas!
familiaux! représentent,! selon! les! séries,! 3! à! 30%.! Les! mutations! responsables! touchent! les! gènes!
codant!pour!la!GH!(GH1)!ou!le!récepteur!de!la!GHRH!(growth!hormone!releasing!hormone,!GHRH<R).!
21!mutations! du!GHRH<R! et! une! soixantaine! de!mutations! de!GH1! sont! connues! (Alatzoglou! and!



















Tyrosine! Kinase),! régulateur! clé! dans! le! développement! des! lymphocytes! B,! entrainant! une!
agammaglobulinémie!liée à l’X (Stewart!et!al., 2008). Une duplication de 33 nucléotides entraine une





















du! GHR,! ii)! sa! dimérisation! fonctionnelle! iii)! son! site! de! liaison! avec! la! GH,! iiii)! son! domaine! de!




1999).! De! même,! les! tailles! varient! de! M3,3! à! M6! DS! chez! les! porteurs! d’une! mutation! intronique!
(A−1→G−1)!du!gène!GHR!provoquant!l’apparition!d’un!pseudoMexon!supplémentaire!entre!l’exon!6!et!




STAT5B!est! un! facteur! de! transcription! appartenant! à! la! cascade!de! signalisation! intracellulaire! du!








résidu! du! domaine! structural! appelé! SH2! (pour! Src!Homology! 2)! et! empêche! les! STATs! d’interagir!
avec!les!tyrosines!phosphorylées!du!récepteur.!Il!s’agit!d’une!substitution!d’un!acide!aminé!(Alanine!
en!Proline)!dans! le!domaine!SH2!très!conservé!et!critique!pour! la!phosphorylation!de!STAT5B!sous!
stimulus!GH. Ainsi, la cascade JAK2/STAT5!est interrompue (Kofoed et!al., 2003).
Sept! autres! mutations! homozygotes! dans! différents! domaines! de! la! protéine,! comprenant! des!






mental! sévère,!une!microcéphalie,!une!surdité,!un! retard!pubertaire!et!une!adiposité! (David!et!al.,!
2011;!Netchine!et!al.,!2009).!Le!taux!de!GH!est!élevé,!l’IGF1!est indétectable!(Woods!et!al.,!1996)!ou!
au! contraire! très! augmenté! dans! le! cas! particulier! d’un! IGF1! bioMinactif! (Denley.A,! 2005).! Les! taux
d’IGFBPM3,!l’ALS!et!l’IGF2!sont!normaux!ou!augmentés!(Denley!et!al.,!2005;!Woods!et!al.,!1996).!
!
Six! défauts! du! gène! IGF1! ont! été! identifiés! :! des! délétions,! des!mutations! non! sens! ou! alors! une!
duplication!de!nucléotides!(David!et!al.,!2011).!La!délétion!de!l’exon!4!et!5!fut!la!première!mutation!
identifiée! dans! le! gène! IGF1! par! (Woods! et! al.,! 1995).! La! traduction! du! gène! muté! donne! une!
protéine!tronquée!dépourvue!de!45!acides!aminés.!En!dehors!de!la!région!codante!pour!la!protéine!
E3M4,! les! mutations! qui! touchent! le! domaine! E! du! peptide! et! les! sites! d’épissage! entrainent! des!
protéines! tronquées! (ou!bioMinactive).! C’est! le! cas!de! la! transversion!d’un!A!en!T!de! la! région!non!
traduite! de! l’exon! 6, affectant! le! domaine! E! du! précurseur! IGF1! et! de! la! mutation faux! sens!
(IGF1V44M)!à!l’état!homozygote,!découverte!par!l’équipe!de!Walenkamp,!il!s’agit!d’une!substitution!
d’une! valine! par! une!méthionine! (Walenkamp! et! al.,! 2013).! Ce! changement! d’acide! aminé! affecte!
l’affinité! de! l’IGF1! à! son! récepteur.! En! revanche! cette! protéine! mutée! est! capable! de! se! lier!
normalement!avec!l’IGFBP3.!Il!s’agit!donc!d’une!molécule!bioMinactive!mais!détectable!par!le!dosage.!
En! 2009,! une!mutation! hétérozygote! identifiée! par! l’équipe! de! Rosenfeld! altère! le! site! d’épissage!
entre! l’intron!4!et! l’exon!4!donnant!une!protéine! tronquée.!Une!année!plus! tard,!une!autre!étude!





sévère!d’IGF1,! IGFBP3!et!ALS! liée! à! leurs! incapacités!de! former! le! complexe! ternaire! circulant.! Les!
taux!d’ALS!et!d’IGFBP3!restent!effondrés!même!après!injection!d’hormone!de!croissance!(Domené!et!
al.,! 2009;!Domené!et!al.,! 2004).!Certains!patients!présentent!une! résistance!à! l’insuline! (FofanovaM
Gambetti!et!al.,!2009).!
!
Environ! 60! mutations! autosomales! récessives! ont! été! identifiées! (Domené! et! al.,! 2004).! Ces!
mutations!touchent!à!peu!près!tous!les!domaines!de!la!protéine!IGFALS!et!sont!à!l’état!homozygote!









associés à!une!réduction de!croissance!intraMutérine, postnatale et des taux sériques d’IGF1 et de GH
normaux!ou!même!parfois!élevés.!Les!porteurs!de!ce!défaut!naissent!avec!une!taille! inférieure!à! la!
valeur!normale!et!qui!varie!ensuite!de!M2!à!M4,9!DS,!une!dysmorphie,!microcéphalie,!un!retard!mental!
et! parfois! des! problèmes! ! psychomoteurs.! Les! mutations! responsables des! défauts! du! récepteur!
IGF1R! existent! toutes! à! l’état! hétérozygote! à! l’exception! d’une! seule! mutation! hétérozygote!
composite.!8!mutations!sont! identifiées!dans! le!gène! IGF1R,!de! type! faux!sens,!non!sens!et!microM
duplication!:!
M� l’unique! cas! d’hétérozygote! composite! était! deux! mutations! ponctuelles! faux! sens! dans!
l'exon!2!du!gène!qui!ont!modifié! la! séquence!d'acides!aminés!à!p.R108Q!dans!un!allèle!et!
p.K115N!dans!l'autre!;!




M� une! duplication! de! 19! nucléotides! dans! l'exon! 18! (Fang! et! al.,! 2009).! Les! études!
fonctionnelles!de!cette!mutation!ont!montré!que!I’ARNm!exprimé!à!partir!de!l'allèle!mutant!
est!dégradé!;!









entraine! la!diminution!de!95!%!de! l’IGF1! sérique,!de!80!%!d’IGFBP3,!une!diminution!de! la!densité!
osseuse! et! des! changements! du! poids! de! certains! organes! :! diminution! du! poids! des! reins! et!



















Les protéines de transport stabilisent la protéine IGF1 et modulent ainsi sa biodisponibilité. Il existe 6
protéines!de!transport!d’IGFs!de!type!IGFBP1M6!et!la!protéine!ALS.!Ces!protéines!sont!capables!de!se!
lier! aux! protéines! IGFs! dès! qu’elles! sont! relarguées! dans! circulation.! L’intégrité! du! complexe!
protéique!IGF1MIGFBP3MALS!est!très!importante!pour!la!fonction!de!l’axe!somatotrope!et!notamment!




4.7� EFFETS) PARACRINES) D’IGF1) DANS) LE) CARTILAGE) ET) SIGNALISATION) VIA) SON)
RECEPTEUR)(IGF1R))
4.7.1� Effets*paracrines*
L’injection!de!GH!dans! le!cartilage!du! rat!hypophysectomisé!stimule! l’expression!d’Igf1!et!entraîne!
une! stimulation! de! croissance! en! longueur! plus! importante! que! celle! des! rats! non! injectés.! En!
revanche,! des! ! injections! de! l’hormone! de! croissance! chez! les! souris! Igf1M/M! n’augmente! pas! leurs!
croissances.! Il! est! proposé,! par! conséquent,! que! la! GH! peut! agir! directement! sur! le! cartilage! et!
produire!l'IGF1!au!niveau!local!sans!passer!par!l’IGF1!sérique!produit!par!le!foie!(Isaksson!et!al.,!1987).!
Ceci! fut! confirmé! par! les! expériences! de! l’inactivation! d’Igf1! au! niveau! du! foie! qui! entraîne! une!
diminution!sévère!dans!le!niveau!d’IGF1!circulant!sans!affecter!la!viabilité!et!la!croissance!des!souris!
(Sjögren!et!al.,!1999).!Ces!études!montrent!que!l’IGF1!circulant! issu!du!foie!n’est!pas! indispensable!
pour!une! croissance!normale.! L’action!d’IGF1! local,! au!niveau!du! cartilage,! suffit! pour! rétablir! une!
croissance!normale.!Par!contre,!d’autres!auteurs!ont!expliqué!la!diminution!de!certaines!protéines!de!
liaison! d’IGF1! par! l’augmentation! de! la! biodisponibilité! des! 25%!d’IGF1! circulant.! Cette! proportion!






protéines.! La! fixation! d’IGF1! sur! son! récepteur! conduit! à! l’activation! de! nombreuses! voies! de!
signalisation!:! la!voie!PI3K/AKT,!la!principale!activée,!ainsi!que!RAS/MAP!kinase!ou!NFMkB.!La!liaison!
d’IGF1! à! IGF1R! entraine! une! autophosphorylation! des! chaines! beta! intracellulaires! au! niveau! des!
tyrosines!1131,!1135!et!1136,!induisant!la!phosphorylation!des!résidus!tyrosines!et!serines!adjacents!
en!extrémité!carboxyMterminale.!Le! résidu!Tyr950!phosphorylé!peut!alors! lier! les!protéines!de! type!
IRS/SHC.!Ces!substrats!déclenchent!les!voies!des!PI3K/AKT!et!la!voie!RAS/RAF/MEK/ERK!(Haisa,!2013).!
IRSM1!phosphorylé!recrute!PI3K!qui!est!alors!activée.!L’activation!de!la!PI3K!génère!le!phosphatidylM
inositol! et! l’activation! d’AKT! par! phosphorylation.! AKT! phosphorylé! active! la! synthèse! protéique!
nécessaire!pour! la!prolifération!cellulaire!et!déclenche!des!effets!antiMapoptotiques.!Parallèlement,!
l’activation! du! récepteur! IGF1R! déclenche! le! recrutement! de! la! protéine! GRB2! (growth! factor!







Le cycle cellulaire est étroitement régulé par la signalisation du récepteur IGF1R. En effet, IGF1R
augmente!l’activité!des!ribosomes!en!activant!p70S6K!et!S6!pour!faciliter!la!transition!entre!la!phase!
G0!et!G1!du!cycle!cellulaire!(Sunami!et!al.,!2010).!D’autre!part,!il!augmente!l’expression!de!la!cycline!
D1! afin! de! faciliter! la! transition! G1/S.! Il! peut! aussi! réguler! la! transition! G2/M! en! augmentant! la!










Chez! un! groupe! d’enfants! de! même! âge! et! de! même! sexe,! les! auteurs! ont! noté! une! variabilité!
interindividuelle! importante!dans! les! concentrations!d’IGF1.!Malgré! cette!variabilité,!une! tendance!
générale!d’augmentation!des!concentrations!d’IGF1!au!moment!de!la!puberté!est!évidente.!Entre!6!
et! 10! ans,! la!médiane! des! concentrations! n’augmente! pas! chez! les! garçons.! Chez! les! filles! le! taux!
d’IGF1!commence!à!augmenter!à!partir!de!8!ans.!Ensuite! les!concentrations!d’IGF1!augmentent!de!















!percentile!(MMM),! le!50ème!percentile!(.! .!.)!et! le!97,5ème!









Les tranches d’âge analysées dans ce travail sont de 5 à 10 ans. Les corrélations observées dans cette
étude! entre! la! taille! des! enfants! et! le! taux! d’IGF1! sont! variables! selon! la! tranche! d’âge! étudiée!









! 5!ans! ! De!7!à!8!ans!
! Garçons! Filles! ! Garçons! Filles!
Enfants!inclus!dans!les!analyses!5!ans!et!de!7!à!8!ans! ! ! ! ! !
Nombre! 247! 203! ! 247! 203!
Age!(années)! 5.16!(0.05)! 5.17!(0.06)! ! 7.49!(0.13)! 7.49!(0.11)!
IGFM1!(ng/ml)*! 150.1!(64.6)! 175.2!(68.7)! ! 141.7!(53.6)! 148.9!(50.5)!
Taille!(cm)! 110.9!(4.2)! 110.2!(4.4)! ! 125.9!(5.2)! 125.2!(5.1)!
Longueur!de!jambe!(cm)! 48.9!(2.5)! 48.8!(2.4)! ! 57.8!(3.1)! 57.5!(2.9)
Taille!assise!(cm)! 62.0!(2.3)! 61.4!(2.5)! ! 68.2!(2.7)! 67.7!(2.8)
IMC!(kg/m
2
)! 16.0!(1.3)! 16.0!(1.5)! ! 16.1!(1.8)! 16.2!(2.0)
Comparaison!aux!standards!de!croissance!britannique!de!1990!(x!score)! ! ! ! ! !
Taille! 0.05!(0.93)! 0.02!(0.97)! ! 0.21!(0.98)! 0.18!(0.96)!
IMC! 0.25!(0.92)! 0.24!(0.88)! ! 0.16!(1.00)! 0.05!(0.96)!
Croissance!entre!5!et!7M8!ans!(mm/semaine)! ! ! ! ! !
Taille! ! ! ! 1.24!(0.13)! 1.25!(0.12)!
Longueur!de!jambe! ! ! ! 0.73!(0.11)! 0.72!(0.1)
Taille!assise! ! ! ! 0.51!(0.1)! 0.52!(0.1)
! 7!à!8!ans! ! 9!à!10!ans!
Enfants!inclus!dans!l’analyse!des!7!à!9!ans! ! ! ! ! !
Nombre! 298! 257! ! 298! 257!
Age!(années)! 7.48!(0.13)! 7.49!(0.11)! ! 9.9!(0.17)! 9.89!(0.16)!
IGFM1!(ng/ml)*! 142.8!(51.4)! 154.2!(49.6)! ! ! !
IGFBPM3!(ng/ml)*! 4763!(1407)! 4933!(1452)! ! ! !
Taille!(cm)! 125.7!(5.1)! 125.4!(5.0)! ! 139.5!(5.7)! 139.6!(6.0)!




Taille!assise!(cm)! 68.1!(2.6)! 67.7!(2.6)! ! 73.4!(2.8)! 73.2!(3.1)
IMC!(kg/m
2
)! 16.2!(1.9)! 16.4!(2.3)! ! 17.7!(2.7)! 17.9!(2.9)
Comparaison!aux!standards!de!croissance!britannique!de!1990!(x!score)! ! ! ! ! !
Taille! 0.18!(0.95)! 0.22!(0.93)! ! 0.26!(0.92)! 0.28!(0.94)!
IMC! 0.18!(1.06)! 0.15!(0.99)! ! 0.41!(1.11)! 0.27!(1.04)!
Croissance!entre!7M8!et!9M10!ans!(mm/semaine)! ! ! ! ! !
Taille! ! ! ! 1.09!(0.11)! 1.13!(0.15)!
Longueur!de!jambe! ! ! ! 0.67!(0.1)! 0.69!(0.11)!
Taille!assise! ! ! ! 0.42!(0.09)! 0.44!(0.12)!





! Garçons! ! Filles!
! Moyenne!(95%,!IC)! P'' ! ! P'
5!ans! n!=!247! ! ! n!=!203! !
Taille!(cm)! 2.71!(1.51!à!3.92)! <0.001! ! 2.76!(1.35!à!4.18)! <0.001!
Largeur!thoracique!(cm)! 1.16!(0.82!à!2.29)! <0.001! ! 1.34!(0.55!à!2.13)! !!0.001!
Longueur!de!jambe!(cm)! 1.56!(0.48!à!1.84)! !!0.001! ! 1.42!(0.6!à!2.24)! !!0.001!
IMC!(kg/m
2
)! 0.4!(0.12!à!0.69)! !!0.006! ! 0.36!(0.04!à!0.69)! !!0.028!
Poids!de!naissance!(g)! M0.44!(M0.75!à!M0.13)! !!0.006! ! M0.57!(M0.89!à!M
0.24)!
!!0.001!
7M8!ans! n!=!298! ! ! n!=!257! !
Taille!(cm)! 4.21!(2.8!à!5.62)! <0.001! ! 2.74!(0.98!à!4.5)! !!0.002!
Largeur!thoracique!(cm)! 1.65!(0.91!à!2.39)! <0.001! ! 1.71!(0.82!à!2.61)! <0.001!
Longueur!de!jambe!(cm)! 2.56!(1.65!to!3.47)! <0.001! ! 1.02!(M0.1!à!2.15)! !!0.073!
IMC!(kg/m
2
)! 0.47!(0.15!à!0.78)! !!0.004! ! 0.09!(M0.3!à!0.48)! !0.66!





















cependant permis!d’avoir une estimation de la taille génomique, au moins!45 Kb, et de proposer une
structure!génique.!Rotwein!a!considéré!que!le!gène!contenait!5!exons!et!que!l’exon!1!était!divisé!en!
deux!partie!A!et!B.!Quatre!ans!plus! tard,! l’organisation!de! la! structure!du!gène! IGF1! a! été! révisée!





Les!exons!1!et!2! sont!des! séquences!«! leader!»!et! codent!pour! le!peptide! signal.! Les!exons!5!et!6!
codent! pour! l’extrémité! E! de! la! protéine! native.! Ces! derniers! exons! sont! éliminés! par! des!
modifications!posttraductionnelles!(Figure!28c).!
!
IGF1! possède! plusieurs! particularités! au! niveau! de! sa! structure! et! dans! son! mode! de! régulation.!
Jusqu’à!présent,!le!mécanisme!de!régulation!de!l’expression!du!gène!IGF1!demeure!énigmatique.!Ce!
mécanisme!a!été!l’objet!de!plusieurs!études! in'vivo!et! in'vitro':!In'vitro,! les!modèles!les!plus!utilisés!
pour! ces! travaux! sont! des! lignées! dérivées! de! certaines! cibles! de! l’hormone! de! croissance! ou! des!
tissus! finement! régulés!par! la!protéine! IGF1,!par!exemple! les! lignées!musculaires,! les!ostéoblastes,
les! lignées!myocardiques! ou! hépatiques.! Les! chondrocytes! ont! aussi! été! utilisés!mais! uniquement!



















et) de) protéines.! a)! gène! IGF1! avec! les! exons! (De! 1! à! 6)! et! les! deux! promoteurs! (P1! et! P2)!;! b)! ARNs!
nucléaires!naissants!issus!de!P1!et!P2!et!c)!ARNm!correspondants!;!d)!La!protéine!IGFMI!mature!est dérivée!































Dans le locus IGF1,!le nombre de SNPs identifiés est de 445.!Ces SNPs sont retrouvés tout le long du























été! associé! avec! la! taille! dans! la! population! caucasienne! (Lettre! et! al.,! 2007).! En! revanche!dans! la!
population!asiatique,!le!rs17032362!(P=!8.1!x!10M9)!est!associé!à!la!taille!humaine!(Okada!et!al.,!2010).!
Cette!association!a!été!identifiée!par!GWAS!chez!19.633!japonais.!En!raison!de!la!faible!fréquence!de!



































La! complexité! de! la! régulation! de! l’expression! d’IGF1! repose! sur! l’existence! de! plusieurs! sites!
d’initiation! transcriptionnelle! (Transcription! Start! Site,! TSS)! au! sein! de! chaque! promoteur.! P1!
contient!4!TSS!tandis!que!P2!en!possède!3.!
!
En! se! basant! sur! les! études! réalisées! sur! le! modèle! murin,! le! promoteur! P2! a! été! considéré!



















l’exon!5!(classe!Eb)!soit! l’exon!6!(classe!Ea)!ou! les!deux!exons!5!et!6!ensemble!dans! les!variants!Ec!
(Figure!28a!et!c).!
Selon!les!combinaisons de!l’épissage!alternatif!en!5’!et!3’!les!différents!transcrits!d’IGF1!sont!classés!






Des! expériences! de! traduction! in' vitro! ont! montré! que! les! ARN! longs! et! courts! sont! capables! de!
former! des! polysomes! en! se! liant! aux! ribosomes! en! 5’UTR! (Foyt! et! al.,! 1991).! En! revanche,! les!
transcrits! courts! sont! préférentiellement! situés! dans! les! ribosomes.! Les! ribosomes! se! fixent! sur!
l’extrémité!5’!de! tous! les! transcrits! et! en!3’! les! ribosomes! sont!enrichis!uniquement!en!ARN!court!
(0,8M1,3! kb),! suggérant! ainsi! que! les! extrémités! 3’UTR! des! ARNm! long! sont!moins! accessibles! à! la!
machinerie!de!la!traduction!que!les!ARNm!courts.!
!
D’autre! part,! la! stabilité! des! transcrits! d’IGF1! est! différente.! La! demiMvie! des! ARNms! d’IGF1! est
inversement!corrélée!avec!leur!taille.!Les!formes!courtes!des!transcrits!d’IGF1!sont!plus!stables!que!




AU! rich! element! »! (ARE).! Les! ARE! sont! capables! de! fixer! des! protéines! qui! reconnaissent!












SOCS2! (Chia! and! Rotwein,! 2010).! En! revanche,! les! études! d’immunoprecipitation! n’ont! pas! pu!
détecter! STAT5B! sur! un! des! deux! promoteurs! du! gène! IGF1,! qui! ne! contiennent! aucun! motif! de!
fixation!de!STAT5B!(Chia!et!al.,!2010).!
D’autres! facteurs!de! transcription!se! fixent! sur! le!promoteur!1!comme! les!protéine!de! famille!HNF!
(hepatocyte!nuclear!facteur)!(Nolten!et!al.,!1996),!le!facteur!C/EBP!(CCAAT/enhancer!binding!protein)
(Nolten!et!al.,!1994),!GATAMbinding!protein!motifs!(Wang!et!al.,!2000)!et!le!facteur!MyoD!(ayant!un!











de! la! chromatine! au! niveau! des! deux! promoteurs! et! active! la! transcription.! Après! 60!minutes! de!
stimulation, l’acétylation des! histones! H3 et H4 rend la chromatine plus! accessible au niveau des








Les! deux! promoteurs! d’IGF1! peuvent! être! classés! dans! les! promoteurs! à! faible! densité! de! CG! (cf!
paragraphe!3).!
Le!promoteur!proximal!1!contient!9!CGs!répartis!sur!environ!1000!pb!et!le!promoteur!P2!contient!10!
CGs! répartis! sur! 700! pb! (Figure! 30).! A! partir! des! données! Encode,! nous! constatons! que! les! deux!
promoteurs!d’IGF1!colocalisent!avec!des!marques!de!chromatine!active!et!un!enrichissement!en!ARN!











Figure) 30) :)Distribution)des) CGs) sur) les) deux)promoteurs) P1) et) P2)du) gène) IGF1.) Les!sites!de! liaison!de!















































































































Ces! quatre! domaines! caractéristiques! de! la! protéine! mature! sont! codés! par! les! exons! 3! et! 4.! 25!
acides!aminés!du!domaine!B!sont!issus!de!l’exon!3!et!le!reste!du!domaine!B!et!les!domaines!C,!A,!D!
correspondent!à!l’exon!4.!L’exon!4!code!pour!les!2/3!de!la!protéine!mature.!C’est!le!domaine!B!de!la!




Le! domaine! E! correspond! à! l’extrémité! 3’! du! prépropeptide! IGF1! distingué! par! deux! parties.! Une!




le! peptide! Eb! est! codé!par! les! séquences! des! exons! 4,! 5! et! 6.! En! outre,! Ea! contient! deux! sites! de!











Les! précurseurs! protéiques! subissent! des! modifications! post! traductionnelles.! Dans! un! premier!
temps,!la!forme!«!pré!pro!IGF1!»!perd!son!peptide!signal!et!devient!«!pro!IGF1!».!Un!troisième!clivage!
protéique! d’un! triplet! d’acides! aminés! glycineMprolineMglutamate,! peut! s’effectuer! au! niveau! de!
l’extrémité N terminal! du domaine B.! Ce dernier clivage améliore l’activité de la protéine mature
ainsi!que!sa!circulation.!En!effet,! l’absence!de!ces! trois! résidus!diminue! l’affinité!de! l’IGF1!pour! les!
IGFBP!et!permet!donc!d’augmenter!celle!pour!son!récepteur.!La!forme!clivée!est!retrouvée!dans!les!





La! protéine! IGF1! est! composée! de! 70! acides! aminés! (pour! un! poids!moléculaire! de! 7,6kDa)! et! se!
trouve!très!conservée!entre!les!espèces!(Rinderknecht!and!Humbel,!1978).!Elle!est!constituée!d’une!
chaîne!A!et!d’une!chaîne!B,!reliée!par!une!chaine!C!de!12!aa!et!formant!des!ponts!disulfures!entre!les!




















La! croissance! staturale! est! assurée! par! la! prolifération! et! la! différenciation! des! chondrocytes,!
notamment!au!niveau!des!plaques!de!croissance!épiphysaires!des!membres!inférieurs.!Ces!processus!
cellulaires!obéissent!à!des!interactions!complexes!de!signaux!hormonaux!et!de!facteurs!de!croissance,!















Les! techniques! d’analyse! de! la! méthylation! sont! plus! simples! à! mettre! en! œuvre! en! recherche!
clinique!que! l’étude!des!modifications!des!histones.! Elles! sont!basées! sur! la!détection!des!méthylM
cytosines!par!diverses!techniques!i)! l’utilisation!d’enzymes!sensibles!à!la!méthylation,!ii)! l’utilisation!












épigénétiques! dans! les! phénotypes! complexes.! Les! EWAS! visent! à! détecter! des! variations!
épigénétiques!et! les! associer! à!des!maladies! complexes!en! comparant!un!groupe!de!patients! à!un
groupe!de!témoins.!Les!EWAS!génèrent!généralement!une!masse!très importante!d‘informations!qui!









Les! techniques! d’études! de!méthylome! à! l’échelle! du! génome! entier! sont! i)! les! puces,! précédées!
d’une méthode d’enrichissement (immunoprécipitation de l’ADN méthylé, Medip) ou!d’une digestion!
enzymatique!;!ii)!le!séquençage!bisulfite!à!l’échelle!du!génome!entier.!
Ce! travail! de! thése! ne! compare! pas! des! patients! et! des! contrôles,! mais! étudie! des! cohortes!
présentant! une! variabilité! phénotypique! continue! de! la! taille ou! de! l’IGF1.! Pour! utiliser! des! puces!
«!génome! entier!»,! nous! aurions! peut! etre! pu! comparer! deux! popoulations! composées! l’une! de!
«!patients!»!de!petite!taille,!l’autre!de!«!contrôles!»!de!taille!normale!ou!grande.!Cela!aurait!peut!être!
permis! d’identifier! des! loci! où! la! méthylation! se! serait! révélée! différente.! Il! aurait! ensuite! été!
nécessaire! de! vérifier! cces! différence! en! mesurant! par! bisulfiteMpyroséquençage! la! méthylation!
préçise!des!CG!correspobndants.!Une!revue!détaillée!des!conditions!d’utilisation!et!d’interpretation!
des! EWAS! a! été! rédigée! par! Michel! Binder! et! ses! collaborateurs! avec! des! recommandations!
méthodologiques!(Michels!et!al.,!2013).!!
Les! puces! sont! de! plus! en! plus! utilisées.! Les! premières! puces! 27K! étaient! conçues! principalement!
pour! l’étude!épigénétique!des!cancers.!Ces!puces!avaient!un!biais!de!couverture!car!elles!ciblaient!
surtout! les! CGI.! Les! puces! les! plus! utilisées! actuellement! sont! les! puces! Illumina! Infinium!





Les!puces!dessinées!à! façon!peuvent!être!une!bonne!alternative!puisque! les! régions!étudiées! sont!
choisies.!Mais!parfois! des! contraintes! techniques! comme! la! température!d’hybridation!des! sondes!
peuvent!être!un!facteur!limitant!dans!la!résolution!de!la!puce!et!sa!couverture.!
Hormis! le!problème!de!couverture!déjà!évoqué,! il!ne! faut!pas!perdre!de!vue!que! le! signal!détecté!
dans! chaque! région! génomique! n’est! qu’une! estimation! de! la!méthylation! de! l’ensemble! des! CGs!
couverts!par!dans!la!sonde!correspondante.!Cette!dernière!est!dessinée!pour!lire!plusieurs!CGs!à!la!
fois,! au! minimum! 2! CGs, et! le! signal! lumineux! émis! suite! à! la! réaction! d’hybridation! reflète! la
méthylation! moyenne! de! ces! CGs.! Ainsi! l’étude! de! méthylation! à! l’échelle! du! génome! entier! ne!
permet!pas!d’établir!des!profils!de!méthylation!CG!site!spécifique.!!




L'approche!«!gène!candidat!»! se! fonde!sur! les!associations!entre! la!variation!épigénétique dans!un!
gène! dit! d'intérêt! et! le! phénotype! étudié.! La! sélection! des! gènes! candidats! se! fait! selon! leurs!
fonctions! et! leur! implication! dans! le! phénotype! étudié.! La! stratégie! gène! candidat! permet! de!
focaliser!sur!une!région!génomique!précise!et!de!mesurer!la!méthylation!de!chaque!dinucléotide!CG!
choisi! en! utilisant! la! méthode! du! pyroséquençage.! Contrairement! à! l’analyse! des! puces! de!
méthylation,! les! résultats! sont!directement!analysés! sans!avoir!besoin!d’analyses!bioinformatiques!
préalables.! Les! valeurs! de! méthylation! données! par! le! logiciel! du! pyroséquençeur! peuvent! être!







1.�Nous!avons! choisi! le! gène! IGF1'comme!gène! candidat!d’abord! au! vu!de! son! rôle!de!médiateur!

















la! régulation! de! la! transcription! (Bock! et! al.,! 2008).! Par! exemple,! les! promoteurs! des! autres!
gènes!de!l’axe!somatotrope,!comme!GHR,'STAT5B,'IGF1R,'IGFBP3,'IGFALS!contiennent!tous!des!













Notre!hypothèse!était!que! la! variation!des!marques!épigénétiques!dans! les!promoteurs!d’IGF1! est
capable!de!faire!varier!l’expression!de!ce!gène!et!d’influencer!la!croissance!staturale,!participant!ainsi!
à!la!variabilité!individuelle!de!ce!trait!quantitatif.!
Nos questions étaient :
!




3.� Quels! sont! les! profils! de! méthylation! dans! les! cellules! du! sang,! le! foie,! le! cartilage! de!
croissance!?!
4.� Les!profils!individuels!de!méthylation!de!ces!promoteurs!sont!ils!corrélés!à!la!variabilité!de!
la! taille! des! enfants! et! à! leurs! taux! d’IGF1! circulant!?! Si! oui,! quels! CG! portent! cette!
corrélation!?!
5.� Des! variations! de! niveau! d’expression! d’IGF1! dans! les! PBMCs!sont! elles! associées! à! la!
variation!individuelle!de!la!méthylation!d’ADN?!
6.� La! méthylation! des! promoteurs! d’IGF1! peut! elle! moduler! la! sensibilité! de! la! vitesse! de!
croissance!à!l’hormone!de!croissance!?!




9.� La!méthylation!des!promoteurs! aMtMelle!un!effet! fonctionnel! direct! sur! la! transcription!du!













réalisation de cette thèse. Agnès Linglart,! Anya Rothenbuhler et AnneMLaure! Castell ont veillé à












aucune! cause! pathologique.! Ces! enfants! ont! une! taille! et! un! poids! de! naissance! normaux! et! un!
niveau!de!GH!normal.!Une!partie!de!ces!enfants!ont!des! taux!d’IGF1 plutôt!bas! (Attie!et!al.,!1995;!
Goddard et!al.,!1997).!Les!enfants!présentant!des!défauts!de!sécrétion!de! la!GH,!des!dysmorphies,!
des!dysplasies!squelettiques!ou!un!syndrome de!Turner!ont!été!attentivement!exclus!de!notre!étude,!
de! même! que! toutes! les! causes! de! petite! taille:! par! exemple,! la! maladie! coeliaque,! les! maladies!




Le) traitement) par) GH.) Certains! des! enfants! ISS! sont! traités! par!GH!pour! accélérer! leur! vitesse! de!
croissance!et!augmenter!leur!taille!adulte!finale.!L’efficacité!de!ce!traitement!varie!entre!les!individus.!
La!distribution!de!la!réponse!au!traitement!suit!une!distribution!normale!tronquée!chez!les!enfants!

















l’épigénétique! contribue! à! la! diversité! individuelle,! l’attribution! de! l’héritabilité! manquante! à! des!
marques!épigénétiques!transmises!ne!pourrait!se!faire.!
!
A! notre! connaissance,! aucun! travail! n’avait! identifié! de! facteur! épigénétique! impliqué! dans! la!
variation!de!la!taille!humaine,!ni!d’ailleurs!dans!celle!d’un!autre!trait!phénotypique.!
Nous!avons!choisi!d’étudier!la!croissance!staturale!chez!l’enfant!car!i)!elle!offre!une!large!gamme!de!
variation!phénotypique! ii)!elle!est!corrélée!physiologiquement!à! l’effet!d’IGF1!et!à! la!concentration!
circulante! d’IGF1! iii)! elle! échappe! au! facteur! de! confusion!majeur! qui! est! la! croissance! pubertaire!
déterminée en!majeure partie par la maturation!sexuelle et ses variations propres iv) un!échantillon!
approprié!à!nos!questions!était!disponible.!
!








de! croissance),! contribuant! ainsi! à! la! variation! individuelle! de! la! production! de! la! protéine! IGF1




The IGF1 P2 promoter is an epigenetic QTL for
circulating IGF1 and human growth
Meriem Ouni1, Yasemin Gunes1, Marie-Pierre Belot1, Anne-Laure Castell2, Delphine Fradin1 and Pierre Bougnères1,2*
Abstract
Background: Even if genetics play an important role, individual variation in stature remains unexplained at the
molecular level. Indeed, genome-wide association study (GWAS) have revealed hundreds of variants that contribute
to the variability of height but could explain only a limited part of it, and no single variant accounts for more than
0.3% of height variance. At the interface of genetics and environment, epigenetics contributes to phenotypic
diversity. Quantifying the impact of epigenetic variation on quantitative traits, an emerging challenge in humans,
has not been attempted for height. Since insulin-like growth factor 1 (IGF1) controls postnatal growth, we tested
whether the CG methylation of the two promoters (P1 and P2) of the IGF1 gene is a potential epigenetic
contributor to the individual variation in circulating IGF1 and stature in growing children.
Results: Child height was closely correlated with serum IGF1. The methylation of a cluster of six CGs located within the
proximal part of the IGF1 P2 promoter showed a strong negative association with serum IGF1 and growth. The highest
association was for CG-137 methylation, which contributed 13% to the variance of height and 10% to serum IGF1. CG
methylation (studied in children undergoing surgery) was approximately 50% lower in liver and growth plates, indicating
that the IGF1 promoters are tissue-differentially methylated regions (t-DMR). CG methylation was inversely correlated with
the transcriptional activity of the P2 promoter in mononuclear blood cells and in transfection experiments, suggesting
that the observed association of methylation with the studied traits reflects true biological causality.
Conclusions: Our observations introduce epigenetics among the individual determinants of child growth and serum
IGF1. The P2 promoter of the IGF1 gene is the first epigenetic quantitative trait locus (QTLepi) reported in humans. The CG
methylation of the P2 promoter takes place among the multifactorial factors explaining the variation in human stature.
Keywords: QTLepi, Growth, Short stature, Height, IGF1, Epigenetics, DNA methylation, t-DMR
Background
Although defined as a variant of normal, ‘idiopathic’
short stature in a child is a common source of medical
investigation and a potential indication for treatment
with growth hormone [1]. The molecular causes of idio-
pathic short stature are multiple [2], as expected for a
multifactorial trait that is influenced both by individual
genotypes and environmental factors [3].
First studied by F. Galton at the end of the nineteenth
century [4], height heritability and variability remain
partially understood [5,6]. Twin and family studies have
consistently estimated that the additive genetic contribu-
tion to normal variation in adult height approximates
80% in a given population at a given time [7-9]. As pre-
dicted by R.A Fisher [7], the genetic heritability of height
is explained by many variants of individually small effect.
A recent genome-wide association study (GWAS) study
identified variants at 180 loci that together explain
approximately 12% of the heritable variation in height
[10]. Another GWAS suggested that half of the heritabil-
ity of height can be accounted for by additive effects of a
large number of common variants [11]. The most recent
meta-analysis using the summary statistics from 79 studies
totalling 253,288 individuals of European ancestry showed
that the most strongly associated 2,000, 3,700, and 9,500
SNPs account for 21%, 24%, and 29% of height variance,
respectively [9]. No single variant identified in these
GWAS explained more than 0.3% of height variance.
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Genetics thus seems to explain a major but limited part of
height variability across individuals.
Classically, quantitative geneticists envision DNA se-
quence variants as the only source of heritable pheno-
types. This view should be revised in light of accumulating
evidence for widespread epigenetic variation in natural
populations [12,13]. Indeed, the current sequence-based
quantitative trait locus (QTL) approaches for dissecting
complex traits miss important phenotypic effects exerted
by epigenetic variants [13]. While epigenetics is a consid-
erable source of inherited and acquired variability among
humans [14], its contribution to height variability has not
been studied.
To explore the individual variability of child growth and
search for new causes of short stature, we selected the insu-
lin-like growth factor 1 (IGF1) gene as a prominent physio-
logical candidate. IGF1 is a key player in postnatal growth
and GH signaling. Inactivating mutations in the IGF1 gene
alter postnatal growth in humans [15] and mice [16]. Clin-
ical studies show a strong correlation between height and
circulating IGF1 in childhood [17], and IGF1 production
disorders are a source of short stature [18]. However, com-
mon genetic variation in the IGF1 gene sequence does not
contribute significantly to adult height variation in popula-
tions of Caucasians [19,20] while it does so in Asians
whose IGF1 allele frequency is different [21,22].
Twin studies indicate that the genetically determined
proportion of circulating IGF1 variance ranges between
38% and 80% [23-25]. The association of circulating
IGF1 with several genetic variants is debated [26-28],
but variants at the IGF1 locus do not seem to influence
circulating IGF1 in Caucasian adults [26,29] except,
maybe, the commonest Z allele of the microsatellite lo-
cated 1 kb upstream of the IGF1 gene [19,30]. Overall, the
genetic basis for serum IGF1 variability remains unknown
in adults and has not been studied in growing children.
Most epigenetic effects on phenotypes result from effects
on gene expression, particularly for the methylation of CG
located within gene promoters. Our hypothesis was that
variation in epigenetic marks located in the promoters that
regulate IGF1 gene expression [31] might play a role in
modulating IGF1 gene expression, thus contribute to the
individual variation of IGF1 production and child growth.
In addition, these promoters are CG-poor and expected to
exhibit inter-individual variation [32]. Instead of using a
whole-methylome array to test associations with height or
serum IGF1, our candidate gene approach enabled us to
quantify the methylation of each CG of the IGF1 pro-
moters accurately. Indeed, an individual CG may have a
significant functional role different from its CG neighbors
[33,34], and this effect cannot be unraveled if the specific
CG is not part of the commercial array. In addition, quan-
tifying the methylation of each CG provides a mean to test
its correlation with height or circulating IGF1.
Among the various categories of IGF1 transcripts, class
I transcripts have their initiation sites on exon 1 and are
driven by P1 promoter, while class II transcripts use exon
2 as a leader exon and are driven by P2 promoter [35,36].
IGF1 transcripts initiating at P1 are constitutively expressed
in many tissues, transcripts initiating at P2 are expressed
primarily but not exclusively in the liver [31,37].
The current study explores the relation between the
methylation of the CGs located within IGF1 gene pro-
moters and child height and circulating IGF1 and tests
how promoter methylation affects transcriptional activity
in subjects’ blood cells and in transfected cells.
Results
Patterns of methylation in the two IGF1 gene promoters
The patterns of CG methylation within the two promoters
of IGF1 are depicted in Figure 1. Methylation in the prox-
imal part of P2 promoter showed an important individual
variability (Figure 1 and Additional file 1: Table S2). Strong
intra-promoter correlations (10−8 < P < 10−3) were observed
between methylation of the CGs in P2 promoter, while
there was no correlation within P1 or between CGs of P1
and P2. The methylation at the P2 and P1 promoters
does not seem to be significantly influenced by sex or
age (Additional file 1: Table S3).
Methylation levels were comparable in white blood cells
(WBC), peripheral blood mononuclear cells (PBMC), and
CD4+ T lymphocytes (Figure 2). The methylation levels were
approximately 50% lower for most P1 and P2 CGs in liver
and growth plates than in blood cells (Figure 2, Additional
file 1: Table S4). The IGF1 promoters can thus be consid-
ered as tissue differentially methylated regions (t-DMR).
Height and serum IGF1 are inversely correlated with CG
methylation of the P2 promoter
In the discovery cohort of 110 children (Table 1), height
was found to be inversely correlated with the methylation
of 4/8 CGs of the P2 promoter (10−3 < P < 0.01 after Bonfer-
roni correction) (Table 1). These observations were repli-
cated in a second cohort of 106 children (Table 1). After
merging the two cohorts, the inverse correlation with height
was confirmed for 6/8 CGs of the P2 promoter and was
maximal for CG-137 methylation (P = 4 × 10−7) (Figure 3A
and Table 1), so that CG-137 methylation accounted for
13% of height variability (Figure 3A). Since 6/8 CGs in P2
trend to an association and are physically located very close
together, the average methylation was calculated for these
6 CGs and showed a strong inverse correlation with
height (P = 7 × 10−5) (Table 1) and with only 1/9 CGs
(CG-611) of the P1 promoter (P = 4.2 × 10−7) (Table 1).
Height was closely correlated with serum IGF1 (P =
6 × 10−15) (Figure 3B), so that the variability of circulating
IGF1 accounts for 27% of height variability in the current
cohort. As previously observed for height, strong inverse
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correlations were found between serum IGF1 and the
methylation of 4/8 CGs in the P2 promoter (10−4 < P < 0.01
after Bonferroni correction), notably CG-137 (Figure 3C
and Table 2). CG-137 methylation contributed 10% to
serum IGF1 variation. Again, CG-611 was the only CG of
the P1 promoter to show an inverse correlation with
serum IGF1 (P = 0.009) (Table 2).
Relationship between methylation and genetic variation
at the IGF1 locus
We found no relationship between the common CA re-
peat variant located −822 bp from the P2 transcription
start site (TSS) and methylation of P1 or P2 promoters
(Figure 4) or between this repeat variant and height or
circulating IGF1 (Figure 4).
Figure 1 The two IGF1 gene promoters (P1 and P2) are figured in the lower part of the figure (broken arrows show the TSS of
each promoter). The upper part of the figure shows the methylation level of each studied CG in the 216 children (mean ± SD). The horizontal
black bar encompasses the cluster of six CGs of P2 promoter whose methylation is inversely correlated with height and serum IGF1.
Tibial growth plate 
White blood cells 
Liver 
CD4+T lymphocytes 















































































































































P2 promoter P1 promoter 
Figure 2 Tissue-specific methylation levels in white blood cells (WBC), peripheral blood mononuclear cells (PBMC), CD4+ T lymphocytes,
liver, and tibial growth plates. For simplicity, values in only ten patients are figured for WBC and PBMC. The complete set of values is shown in
Additional file 1: Table S4.
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Relationship between methylation and IGF1 transcripts in
children PBMC
Class I transcripts accounted for 73% of the total IGF1
transcripts and class II for the remaining 27% in the
PBMC of the studied children (Figure 5A). Within an
individual, the levels of class I and class II transcripts were
highly correlated (R = 0.66; P = 1.4 × 10−7) (Figure 5B).
Class II transcripts were inversely correlated with
CG-137 methylation (R = −0.67; P = 7 × 10−8) (Figure 5C),
which accounted for 45% of the variation in class II
Table 1 Correlation between the percent methylation of each studied CG and child height (N = 216)
Height (SDS)
Discovery cohort Replication cohort Total
R P R P R P
P1 promoter CG-1044 0.02 1 0.02 1 0.03 1
CG-960 0.05 1 0.06 1 0.06 1
CG-919 0.02 1 −0.13 1 0.04 1
CG-631 −0.04 1 −0.04 1 −0.09 1
CG-611 −0.25 0.1 −0.48 2.2.10−5 −0.39 4.10−7
CG-491 −0.06 1 −0.31 0.03 −0.10 1
CG-414 0.00 1 −0.19 0.4 0.09 1
CG-308 0.02 1 0.02 1 0.00 1
CG-225 0.08 1 0.012 1 −0.10 1
P2 promoter CG-232 −0.08 1 −0.28 0.03 −0.21 0.01
CG-224 −0.32 10−2 −0.17 0.7 −0.24 0.003
CG-218 −0.36 10−3 −0.30 0.02 −0.33 1.2.10−5
CG-207 −0.35 2.10−3 −0.12 1 −0.24 4.10−3
CG-137 −0.30 10−2 −0.40 1.9.10−4 −0.36 4.10−7
CG-108 −0.25 0.10 −0.19 0.5 −0.23 0.12
Average* −0.31 0.007 −0.27 0.004 −0.3 7.10−5
CG-77 −0.09 1 −0.04 1 −0.04 1
CG + 97 −0.08 1 −0.03 1 0.07 1
*Values for the averaged 6 CGs from −108 to −232. To account for multiple CG testing, we used Bonferroni correction of the P values. P values greater than 1 are
equated to 1.
Italicized letters and numbers indicate significant correlation.
(A) (B) (C)
R=-0.36, P=2.3x10-8 R=-0.32, P=6.6x10-6R=0.53, P=6x10-15
Figure 3 CG-137 methylation correlates negatively with height and with serum IGF1. (A) Inverse correlation between CG-137 methylation and
height in studied children (N= 216), (Y=−0.12X + 4.1; R=−0.36, P= 2.3 × 10−8). (B) Correlation between circulating IGF1 and height (N= 184), Y= 0.6X− 1
(R= 0.53, P= 6 × 10−15). (C) Inverse correlation between CG-137 methylation and serum IGF1 (N= 184), (Y=−0.09X + 3.2; R=−0.32, P= 6.6 × 10−6).
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transcripts in PBMC. CG-137 methylation showed only a
weak inverse correlation with class I transcripts (Figure 5D)
and a highly significant correlation with total IGF1 tran-
scripts (Figure 5E).
Artificial demethylation of P2 promoter increases
transcription in a reporter gene assay
To test in vitro whether the methylation of the P2 pro-
moter affects IGF1 gene expression, we used a reporter
gene construct made by inserting a fragment of IGF1 P2
promoter extending from −1,014 to +64 bp of the TSS -
thus containing 7 of the studied CGs - into a promoter-
less CpG-free luciferase expression plasmid. Constructed
plasmid was mock-methylated or methylated with M.
SssI CpG methyltransferase, then transiently transfected
into HEK 293 cells in which basal luciferase gene ex-
pression was measured. Demethylation of the human
IGF1 P2 promoter increased luciferase reporter gene ex-
pression by 57% (Figure 6), indicating that the methyla-
tion status of the P2 promoter is a significant regulator
Table 2 Correlation between methylation of all studied CGs and serum IGF1 concentration (SDS) (N = 184)
Serum IGF1 (SDS)
Discovery cohort Replication cohort Total
R P R P R P
P1 promoter CG-1044 −0.05 1 0.08 1 0.03 1
CG-960 0.08 1 0.07 1 0.01 1
CG-919 0.07 1 −0.22 0.6 −0.10 1
CG-631 −0.18 0.7 −0.07 1 −0.10 1
CG-611 −0.27 0.06 −0.33 0.02 −0.25 9.10-3
CG-491 −0.05 1 −0.11 1 −0.07 1
CG-414 0.06 1 0.21 0.6 −0.15 0.5
CG-308 0.00 1 0.04 1 0.03 1
CG-225 0.09 1 0.09 1 0.04 1
P2 promoter CG-232 −0.19 0.46 −0.29 0.08 −0.24 8.10−3
CG-224 −0.24 0.14 −0.05 1 −0.19 9.10−2
CG-218 −0.23 0.17 −0.22 0.5 −0.24 0.01
CG-207 −0.14 1 0.09 1 −0.14 0.5
CG-137 −0.34 5.10−3 −0.28 0.11 −0.32 10−4
CG-108 −0.29 0.08 −0.28 0.05 −0.30 4.10−4
Average* −0.30 0.017 −0.25 0.17 −0.29 6.10−4
CG-77 −0.23 0.25 −0.09 1 −0.17 0.3
CG + 97 −0.22 0.29 −0.04 1 −0.12 1
To account for multiple CG testing, we used Bonferroni correction of the P values studied. P values greater than 1 are equated to 1. *Values for the averaged 6
CGs from −108 to −232.
Italicized letters and numbers indicate significant correlation.
Figure 4 Lack of relationship between the genotype categories of the microsatellite polymorphism upstream to the IGF1 gene and
height, circulating IGF1 or CG-137 methylation (N = 130).
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of transcriptional activity of this promoter in a plasmid
environment devoid of chromatin.
Discussion
Our observations indicate that the methylation of the P2
promoter of IGF1 in PBMC is strongly and negatively
associated with serum IGF1 and child growth. The P2
promoter can thus be considered an epigenetic quantita-
tive trait locus (QTLepi) [13] for these traits. To our know-
ledge, QTLepi have yet been identified only in plants
[12,13]. It is remarkable that P2 promoter methylation
contributes 13% to individual height variance, a much
greater contribution than ‘major’ genetic variants that
account for less than 0.3% each [10,11,20,38-40]. This
underscores the potential quantitative importance of epi-
genetics in the variation of phenotypes.
The molecular causes of idiopathic short stature are
multiple [2], as for any multifactorial trait influenced by
individual genotypes and environmental factors. High
levels of CG methylation at the P2 promoter now appear
as one of the many molecular mechanisms responsible
for ‘idiopathic’ short stature.
(A) (B) (C) 
(D) (E) 
Log of concentration of
basal P1-driven transcripts (ng/ul) 
R=0.66, P=1.4x10-7
R=-0.67, P=2.7x10-3 R=-0.65, P=2.8x10-7
R=-0.67, P=7x10-8
Figure 5 IGF1 transcripts. (A) P1-driven, P2-driven, and total IGF1 transcripts in the PBMC from 49/216 children. (B) Correlation between class I
P1-driven transcripts and class II P2-driven transcripts Y = 0.55X − 2.96 (R = 0.66, P = 1.4 × 10−7). (C) Inverse correlation between CG-137 methylation
and P2-driven transcripts Y = −0.09X − 2.3 (R = −0.67, P = 7 × 10−8). (D) Inverse correlation between CG-137 methylation and P1-driven transcripts
Y = −0.06X − 2.93 (R = −0.67, P = 2.7 × 10−3). (E) Inverse correlation between CG-137 methylation and all IGF1 transcripts Y = −0.09X − 1.6
(R = −0.65, P = 2.8 × 10−7).
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Another potential application of our observation is the
secular increase of height [41]. One could speculate that
IGF1 P2 promoter methylation might be an epigenetic
link between genetic and environmental determinants of
height and contribute to the secular increase in growth
observed in genetically stable populations. Indeed, modi-
fications of DNA methylation patterns can be inherited
trans-generationally, through incomplete erasure of epi-
genetic patterning in the germline. An accumulation of
epigenetic changes through generations would then pro-
vide a valuable, reversible mechanism of adaptation to
progressively changing environments. In this respect, the
known interaction between energy metabolism, body
composition, and IGF1 physiology [42] may stimulate
the research of epigenetic links between evolving nutri-
tional factors and height changes throughout generations.
The mechanisms generating variation of CG methyla-
tion across humans are not known [43], and this lack of
knowledge applies to the individual variations observed
in the CG methylation of the IGF1 P2 promoter. Vari-
ation in methylation can arise through cis [44-46] or
trans genetic effects [47,48] or as a result of stochastic
events, developmental changes, or exposure to environ-
mental cues [49,50]. The variation in DNA methylation
patterns observed in MZ twins suggests that maternal
environment affects the fetal epigenome [49,51].
The inverse correlation of P2 promoter methylation
with both height and circulating IGF1 and the strong
positive correlation between serum IGF1 and height
suggest that the epigenetic effects of P2 methylation on
child growth are mediated by primary effects on IGF1
production. The IGF1 gene is expressed in most, if not
all, tissues of the body, but the liver and the chondro-
cytes of the growth plates are the main regulators of sys-
temic IGF1 production and skeletal growth, respectively.
Mice models have revealed that GH effects on skeletal
growth are mediated by IGF1 produced in situ by chon-
drocytes, not by circulating IGF1 produced by the liver
[52,53]. The close correlation of P2 methylation with cir-
culating IGF1 and height supports that the correlation
between P2 methylation and IGF1 gene expression ob-
served in PBMC has a biological relevance to IGF1 and
growth physiology. However, our observation should be
interpreted with caution because of the lack of data in
growth-related tissues. Given the tissue specificity of cell
epigenomes, the lack of analysis of physiological tissues
and the use of blood cells as surrogates [54,55] are com-
mon but major weaknesses of epigenetic epidemiology
[14,56]. Measurement of CG methylation in liver and
growth plates in a limited number of children undergo-
ing surgical procedures showed that methylation was
much lower in these tissues than in blood cells, indicat-
ing that the P2 and P1 promoters are tissue-specific dif-
ferentially methylated regions (t-DMR). One further
caveat of using DNA extracted from WBC is the relative
contributions made by the respective cell types [57], al-
though the overall impact of blood cell composition
across individuals is not considered to be substantial
[55]. Herein, CG methylation levels were comparable in
WBC, PBMC, and CD4+ T lymphocytes.
The molecular mechanisms that link CG methylation
of the P2 promoter and IGF1 gene expression are un-
known. In general, gene expression is regulated epige-
netically by DNA methylation, histone modifications,
and nucleosome positioning. The P2 promoter of IGF1
belongs to the category of non-CG island promoters,
more precisely to the family of low CG promoters,
where methylation is known to contribute to the regula-
tion of gene expression [58]. Despite the fact that 45% of
all human gene promoters, particularly those controlling
the expression of tissue-specific genes, do not lie within
CG islands [59], little is known about their regulation
and the potential role of methylation as a transcriptional
control mechanism [60]. Among the few studies that
have investigated the correlation between DNA methyla-
tion and expression of genes having non-CG island pro-
moters, the majority do not support the view that DNA
methylation directly leads to transcription silencing of
these genes [60]. A number of genes with non-CG island
promoters display a tissue-specific methylation pattern,
suggesting that CG methylation may play a role in the
establishment and maintenance of tissue-specific expres-





















































Figure 6 .The demethylation of the IGF1-P2 region increases
luciferase activity. Results of luciferase assays in transiently
transfected HEK293 cells. Forty-eight hours after transfection,
basal activity of unmethylated and methylated, Firefly luciferase
reporter plasmids containing IGF1 promoter 2 CG fragment, and
empty Firefly luciferase reporter plasmid, pCpGL-Basic, was measured,
and normalized to the activity of co-transfected Renilla luciferase
plasmid. Results were analyzed by paired t-test, **P < 10−4, and bars
represent three independent experiments (mean ± SEM).
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is an inverse correlation between methylation and gene
expression [61], whereas other studies have reported that
CG-poor promoters could be still expressed when they
are methylated [62]. However, when promoters were
categorized into low, intermediate, and high CG density,
it was found that the inverse correlation between methy-
lation and expression holds in promoters with low CG
density [63] and we suspect this could apply to the CG-
poor P2 promoter of the IGF1 gene.
To assess whether DNA methylation can directly regu-
late the P2 promoter, we utilized a CG-less luciferase-
gene containing vector to perform the luciferase reporter
assay. This CG-less vector overcomes the problems pre-
viously associated with testing methylation-sensitive pro-
moter activity in vitro, notably the existence of CG sites
in the coding region of the luciferase gene and vector
backbone, which potentially contributes to the repres-
sion of the promoter [64]. The Stat5b binding sites being
located outside of the transfected P2 promoter [65],
Stat5b could not contribute to the observed regulation
of gene expression in our transfection experiments.
These experiments demonstrate that DNA methylation
of the non-CG island P2 promoter of IGF1 can directly
silence gene expression, as previously shown when plas-
mid constructs containing the non-CG island promoters
of LAMB3 and RUNX3 genes were transfected into
HaCaT cells and 623 melanoma cells [60].
The main physiological regulator of IGF1 is GH. The
importance of epigenetic mechanisms in the regulation
of IGF1 gene expression by GH starts to be unraveled in
the liver of hypophysectomised rats, where GH induces
dramatic changes in chromatin at the IGF1 locus and ac-
tivates IGF1 transcription by distinct promoter-specific
epigenetic mechanisms [66,67]. The proximal part of rat
P2 is an important site of transcriptional regulation by
GH via Stat5b [65]. In the rat liver, GH induces rapid
and dramatic changes in chromatin at the P2 promoter
and activates IGF1 transcription by specific epigenetic
mechanisms [66,67]. At promoter P2, GH facilitates re-
cruitment then activation of RNA Pol II to initiate tran-
scription, whereas at promoter P1, GH causes RNA Pol
II to be released from a previously recruited poised and
paused pre-initiation complex [66]. CG locations are
different in human and rat IGF1 promoters, and the pat-
tern of methylation or transcriptional effects of these
CGs are unknown in rats. Taken together, our observa-
tions in human PBMC and transfected cells support that
P2 promoter methylation is a strong negative and direct
modulator of P2-driven transcription of the human IGF1
gene, through mechanisms that do not involve Stat5b
intervention.
Many questions are left unanswered by the present
study, including the epigenetic participation of the P2
promoter to the ‘missing heritability/causality’ of human
height variability [68,69] and to the phenotypic plasticity
of growth physiology [70]. Another potential application
of our finding comes from the pleiotropic role of IGF1
in many developmental and physiological or pathological
processes related to aging, longevity, energy metabolism,
brain functions, and cancer.
Conclusions
The P2 promoter of the IGF1 gene is a significant
QTLepi for skeletal growth and serum IGF1. The relation-
ship between P2 methylation and these growth-related
traits seems to be mediated by primary transcriptional ef-
fects taking place at the P2 promoter.
Methods
Participants
To explore the relation between IGF1 promoter methy-
lation and height, we recruited children who have not
yet entered puberty. Mean age was 9.7 years in boys and
9.6 in girls. Testosterone levels were lower than 0.1 ng/ml
in all boys, and no girl had any breast development at time
of study. This criterion of selection avoids the confound-
ing effect of the variable tempo of sexual maturation,
which adds to the variability of adolescent growth, adult
height, and serum IGF1. Our discovery cohort was formed
with 110 Caucasian white children (58 M/52 F) who had
been recruited by the EpiGrowth Consortium. They either
had a history of short stature or were control children of
various statures. For our replication cohort, we used
106 unrelated healthy white children (63 M/43 F) of
the GH-Pharmacogenetic Cohort, which include chil-
dren with short stature [71]. Children were all healthy,
had normal clinical examination and no signs of pu-
berty. GH deficiency was excluded with a stimulated
GH peak >15 ng/ml. All had normal TSH levels; subtle
chondrodysplasia were excluded by forearm, pelvis,
and spine radiographs.
Trained nurses performed height measurements in du-
plicate using the Harpenden stadiometer. Ten milliliters
of peripheral blood samples was obtained, from which
WBC and/or PBMC or CD4+ T lymphocytes were puri-
fied immediately. WBC and PBMC were counted at time
of sampling. Samples were obtained from liver and
growth plates of children undergoing surgical proce-
dures for reasons independent from the current study.
Parents gave written informed consent for the current
study and for using surgical specimens, according to the
French rules of bioethics in biomedical research. The re-
search protocol received the agreement of our Institutional
Review Board of Paris Sud University.
Serum IGF1 measurements
Serum IGF1 concentration was measured around 7.00 to
8.00 am before breakfast in 184/216 children using an
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immune-radiometric assay after ethanol-acid extraction
using DSL-5600 Active (Diagnostic System Laboratories,
Webster, TX, USA) or Cisbio reagents (Cisbio Inter-
national, Codolet, France). Intra- and inter-series coeffi-
cients of variation were 1.5% and 3.7% at 260 ng/ml and
3.9% at 760 ng/ml. The sensitivity was 4 ng/ml. IGF1
SDS were calculated using the norms of Alberti et al. in
French children [72].
Pyrosequencing-based bisulfite PCR analysis
For promoter P1, we studied 9 CGs located over a 800-
bp distance, the closest CG being 225 bp upstream from
the corresponding major TSS [73]. For promoter P2, we
studied 7/8 CGs located upstream from the major TSS
within the proximal part of the promoter and 1 CG lo-
cated 97 bp downstream this TSS. CGs are denominated
according to their position versus each promoter TSS
(Figure 1). The methylation of CG-22 could not be mea-
sured for technical reasons. Nucleic acids were extracted
from WBC or PBMC using Gentra Puregene blood kit
(Qiagen, Hilden, Germany). In a subset of 20 patients,
WBC and PBMC were measured in the same samples.
Methylation was measured in other patients using
PBMC. A bisulfite-PCR-pyrosequencing technique [74]
was used to measure the methylation of the CGs. We
improved the resolution of this method from a handful
of bases to up to 100 nucleotides, with the ability to
quantify methylation in the same sample of blood with a
coefficient of variation (SD/mean) as little as 1% to 5%.
Briefly, 400 nanograms of genomic DNA were treated
with EZ DNA Methylation-Gold Kit, according to
manufacturer’s protocol (Zymo Research Corporation,
Irvine, CA, USA). The bisulfite-treated genomic DNA
was PCR-amplified using unbiased IGF1 primers (see
Additional file 1: Table S1) and performed quantitative
pyrosequencing using a PyroMark Q96 ID Pyrose-
quencing instrument (Qiagen, Hilden, Germany). Py-
rosequencing assays were designed using MethPrimer
(http://www.urogene.org/methprimer/index1.html). Biotin-
labeled single-stranded amplicons were isolated according
to protocol using the Qiagen Pyromark Q96 Work Station
(Qiagen, Hilden, Germany) and underwent pyrose-
quencing with 0.5 μM primer. The percent methylation
for each of the CGs within the target sequence was cal-
culated using PyroQ CpG Software (Qiagen, Hilden,
Germany).
Liver and tibial growth plate samples were washed
with PBS and dissected to remove conjunctive tissue
and blood. The biopsies were ground in cell lysis solu-
tion (Qiagen, Hilden, Germany) with Minilys® (Bertin
Technologies, Montigny-le-Bretonneux) according to
manufacter’s recommendation. Nucleic acids were
extracted using Gentra Puregene tissue kit (Qiagen,
Hilden, Germany).
Study of IGF1 transcripts in PBMC
PBMC were almost immediately isolated from fresh
blood in 49 children using a density gradient. Four milli-
liters of fresh blood was mixed with 4 ml of NaCl 154
mM, and then, 4 ml of Lymphoprep solution (Eurobio,
Paris, France) was added to diluted blood and centri-
fuged for 20 min at room temperature at 800g. After
centrifugation, the interphase containing PBMC was
carefully aspirated and the cells were mixed with NaCl.
The cell suspension was centrifuged at 300g, and the cell
pellet washed with PBS before 700 μl of Qiazol (Qiagen,
Hilden, Germany) was added and the pellet frozen
in −80°C. Total RNA was isolated using miRNA mini kit
(Qiagen), according to manufacturer’s protocol. Genomic
DNA was removed using DNAse treatment. RNA integ-
rity was assessed by bioanalyser (Agilent 2100, Agilent
Technologies, Palo Alto, CA, USA) and expressed as RNA
integrity number (RIN) considered acceptable within the
range of 7 to 10. One microgram RNA was reverse-
transcribed with random hexamers and oligo(dT) in a
final volume of 18 μl using PrimeScript RT reagent kit
(TAKARA, Tokyo, Japan). Parallel reactions without re-
verse transcriptase enzyme were prepared as negative
controls.
qPCR for samples were prepared in triplicate and run
on ABI 7500 fast (Applied Biosystems, Foster City, CA,
USA). We amplified P1-driven, P2-driven, and whole
transcripts of IGF1 transcripts using predesigned Cus-
tom TaqMan gene expression assay (Integrated DNA
Technologies IDT, Coralville, IA, USA) (Additional file 1:
Table S1). To detect P1-driven transcripts, P2-driven tran-
scripts, and global IGF1 transcripts separately, TaqMan as-
says were derived respectively from exons 1 to 3, exons 2
to 3, and exons 3 to 4. We measured P1-driven tran-
scripts, P2-driven transcripts, and global transcripts of
IGF1 gene in PBMC using absolute quantification with an
external calibration curve model.
A calibration standard curve was established using a
cDNA clone containing qPCR product targeted by each
IGF1 TaqMan assay. A series of seven concentrations of
IGF1 cDNA clone was prepared by serial dilution. The
standard curves were constructed by plotting the cycle
threshold vs. the concentration of DNA (log10 scale).
The equation, slope, and correlation coefficient for each
curve are presented in Additional file 2: Figure S1.
Construction of the reporter gene plasmid
Fragment of human IGF1-P2, −1,014 to +64, including
CGs located within the proximal part of the promoter 2,
was PCR amplified from the human genomic DNA using
SpeI restriction site added forward primer (Additional
file 1: Table S1) and NcoI restriction site added reverse
primer with Phusion High-Fidelity DNA Polymerase
(Thermo Fisher Scientific, Waltham, MA, USA). PCR
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product cloned into upstream of the firefly luciferase
gene in the promoter-less CpG-free pCpGL-Basic vector
(gift from Rehli’s Lab, Regensburg, Germany) between
SpeI-NcoI sites and transformed into PIR1 competent
cells (Invitrogen, Carlsbad, CA, USA) for plasmid
production.
In vitro methylation protocol was adapted from Klug
and Rehli [64]. IGF1-P2, −1,014 to +64, in pCpGL-Basic
was incubated at 37°C for 6 h with M.SssI CpG Methyl-
transferase (New England Biolabs, Ipswich, MA, USA)
(2.5 U/μg DNA), in the presence of a methyl group
donor 160 μM S-adenosylmethionine (SAM). One hun-
dred sixty micromolar SAM was added every 2 h during
incubation. Unmethylated plasmid was treated as above
but without the M.SssI CpG Methyltransferase. Plasmid
DNA was phenol/chloroform extracted and ethanol pre-
cipitated and quantified using a NanoDrop Spectropho-
tometer (ND-1000, NanoDrop Technologies, Wilmington,
DE, USA). The completeness of the methylation for both
methylated and unmethylated plasmids were first con-
firmed with methylation-sensitive restriction enzyme
HpaII and methylation-insensitive (MspI) restriction
enzyme.
Cell culture, transient transfection, and luciferase reporter
assays
Human embryonic kidney 293 (HEK293) cell line
(American Type Culture Collection (ATCC)) was
maintained in Dulbecco’s Modified Eagle’s medium
(DMEM; Life Technologies, Carlsbad, CA, USA) sup-
plemented with 10% fetal bovine serum (HyClone,
Thermo Fisher Scientific, Waltham, MA, USA), peni-
cillin/streptomycin, and glutamine (PAA Laboratories,
Pashing, Austria). Cells were maintained at 37°C in a
humidified atmosphere containing 95% air and 5% CO2.
HEK293 cells in 96-well plates were co-transfected using
X-tremeGENE HP DNA Transfection Reagent (Roche, In-
dianapolis, IN, USA) with 80 ng/well methylated or
unmethylated promoter-less CpG-free Firefly Luciferase
expressing plasmid containing IGF1-P2 fragment with the
8 studied CGs, and 1 ng/well pRL-TK expressing plasmid
(Promega, Madison, WI, USA), containing a constitutively
expressed Renilla luciferase reporter gene used as an in-
ternal control for transfection efficiency. Luminescence
was measured 48 h after transfection using dual-luciferase
reporter assay system (Promega, Madison, WI, USA), and
Centro LB 960 luminometer (Berthold Technologies, Oak
Ridge, TN, USA). Results from three independent trans-
fection experiments were averaged for comparison.
Genotyping distribution of (CA)n IGF1 repeat
Genotyping of the IGF1 gene repeats, located 1 kb up-
steam from the major P1 transcription start site, was
adapted from Cleveland et al. [75] and Arends et al. [76]
protocols. PCR were carried out in 25-μl volumes with
30 ng of genomic DNA using 2 μM of each primer (see
Additional file 1: Table S1), 100 μM dNTPs, 1.5 mM
MgCl2 25 mM, 2.5 μl of the manufacturer’s standard
buffer and 1U of Taq RED polymerase (Eurogentec,
Angers). Samples were processed through one cycle of 3
min at 94°C, 35 temperature cycles consisting of 30 s at
94°C (denaturation), 30 s at 55°C (annealing), and 30 s at
72°C (elongation), with the last elongation step length-
ened to 10 min. The forward primer was 5′labeled with
FAM fluorescent dye for automated fragment analysis
(ABI Applied Biosystems, Foster City, CA, USA). The
PCR amplified products were diluted 1/10, and 1 μl of
the diluted PCR product is added to 10 μl of formamide
mix and 0.5 μl of Gen Scan 500 marquer. GeneMapper
4 was used to analyzed the length of samples.
Calculations and statistical methods
IGF1 levels and height were expressed as SDS to adjust
for age and sex. Pearson correlations were calculated as
adjusted R-squared. The fraction of explained variance
across children was calculated under the linear regression
model, using the usual definition: r2 × 100. Wilcoxon rank
tests and unpaired Student’s t-tests were both used to
compare methylation levels in studied tissues and the re-
sults of transfections with the demethylated or methylated
P2 promoter. The Bonferroni correction was used to ac-
count for the number of CG tested. All statistics were
computed using R 2.10.1. The results are expressed as
mean ± SD.
Additional files
Additional file 1: List of primers used in our study. Sequences are
given from 5to 3′.
Additional file 2: Standard curves used for the measurement of
IGF1 gene transcript content in PBMC.
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1. Une variabilité interindividuelle de la méthylation d’ADN! au niveau du! promoteur 2 beaucoup!
plus!importante!que!celle!du!promoteur!1.!Nous pouvons!donc!considérer!ce!promoteur!comme!
un!VMR!(Variably!Methylated!Region).!
2.� La!méthylation!du!promoteur!P2!n’est!pas!affectée!par! l’âge!ni!par! le!sexe.!Le!promoteur!P2!du!
gène!IGF1!n’est!pas!un!aDMR.!
3.� Nous! avons! montré! que! les! deux! promoteurs! du! gène! IGF1! sont! des! tMDMR.! Le! niveau! de!
méthylation! dans! des! chondrocytes! tibiaux! et! dans! le! foie! est! beaucoup! plus! faible! dans! ces!
tissus!que!dans!les!cellules!du!sang.!
4.� Parmi! les! cellules! sanguines,! les! niveaux! de! méthylation! étaient! comparables! dans! les! WBC,!
PBMCs,!et!les!lymphocytes!T!CD4+.!
5.� La! méthylation! des! CGs! est! corrélée! au! sein! de! chacun! des! promoteurs,! mais! pas! entre! les!
promoteurs.!
6.� La!méthylation!du!promoteur!P2!est!inversement!corrélée!à!la!taille!des!enfants!et!l’IGF1!circulant.!
Il!est!remarquable!que! la!méthylation!du!promoteur!P2!contribue!pour!13%!à! la!variance!de! la!
taille! sachant! qu’au! maximum! la! contribution! d’un! variant! génétique! est! de! 0.3%!
(Lang.Allen.H,2010,Yang.J,2010).!
7.� Un!CG!du!promoteur!P1!(CGM611)!est!inversement!corrélé!avec!la!taille!et!le!taux!d’IGF1!circulant.!!
8.� La!méthylation!du!même!groupe!du!promoteur!P2!est! inversement!corrélée!à! l’IGF1!circulant.! Il!
est! remarquable! que! la! méthylation! du! CGM137! du! promoteur! P2! contribue! pour! 10%! à! la!
variance!de!l’IGF1!circulant.!
9.� Nous! avons! confirmé! dans! notre! échantillon! de! sujets! qu’IGF1! circulant! et! taille sont!
positivement!corrélés.!
10.�Dans! les! cellules! sanguines! PBMCs,! les! transcrits! du! gène! IGF1! issus! du! promoteur! P2! sont!
inversement!corrélés!avec!la!méthylation!du!promoteur!2.!
11.�La!méthylation!artificielle!du!promoteur!P2!d’IGF1!dans!une!construction!plasmidique!bloque!la!
transcription.! Ces! expériences! ont! été! conduites! par! Yasemin! Gunes,! ingénieur! Inserm! dans!
notre!équipe.!
Nous! proposons! que! le! promoteur! P2! soit! considéré! comme! le! premier! «!épiQTL!»! décrit! à! notre!
connaissance!chez!!l’homme!(Johannes.F,!2008).!
Une!application!potentielle!de!notre!observation!est! l'augmentation! séculaire!de! la! taille! (Bogin!B,!
2013).! Nous! pourrions! spéculer! que! la! méthylation! du! promoteur! P2! du! gène! IGF1! crée! un! lien!
épigénétique! entre! des! facteurs! génétiques! et! environnementaux! influençant! la! taille! humaine! et!
puisse! ainsi! contribuer! à! l'augmentation! séculaire! de! la! croissance! observée! dans! certaines!
populations! génétiquement! stables.! En! effet,! les! modifications! de! profil! de! méthylation! d'ADN!
peuvent! être! héritées! de! façon! intergénérationnelle! et! même! transMgénérationnelle.! Une!










Des! centaines! de! milliers! d'enfants! de! petite! taille! sont! traités! par! l’hormone! de! croissance!
recombinante!(GH)!pour!améliorer!leur!taille!finale!adulte.!Mais!l’efficacité!de!ce!traitement!est!très!
variable!d’un!individu!à!un!autre.!Cette!variabilité!peut!être!due!à!l’étiologie!de!la!petite!taille!ou!aux!










Nous nous sommes intéressés à la réponse au traitement par l’hormone de croissance et sa grande























The P2 promoter of the IGF1 gene is a major epigenetic locus
for GH responsiveness
M Ouni1, MP Belot1, AL Castell2, D Fradin1 and P Bougnères1,2
Short children using growth hormone (GH) to accelerate their growth respond to this treatment with a variable efﬁcacy. The causes
of this individual variability are multifactorial and could involve epigenetics. Quantifying the impact of epigenetic variation on
response to treatments is an emerging challenge. Here we show that methylation of a cluster of CGs located within the P2
promoter of the insulin-like growth factor 1 (IGF1) gene, notably CG-137, is inversely closely correlated with the response of growth
and circulating IGF1 to GH administration. For example, variability in CG-137 methylation contributes 25% to variance of growth
response to GH. Methylation of CGs in the P2 promoter is negatively associated with the increased transcriptional activity of P2
promoter in patients' mononuclear blood cells following GH administration. Our observation indicates that epigenetics is a major
determinant of GH signaling (physiology) and of individual responsiveness to GH treatment (pharmacoepigenetics).
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INTRODUCTION
Tens of thousands of children affected by various causes of short
stature currently receive recombinant growth hormone (GH) to
improve their ﬁnal height. However, the high variability of
individual GH responsiveness results in unequal growth improve-
ment. The large individual variability of the therapeutic response
to GH has puzzled pediatric endocrinologists for decades. The
causes underlying such variability have until now been searched
in the aetiologies of short stature, treatment regimens, patients’
compliance1 and genetic polymorphisms.2 This individual varia-
tion is partly due to the variable insulin-like growth factor 1 (IGF1)
production under GH treatment, reﬂected by circulating IGF1
concentration,3 thus serum IGF1 measurement can be used to
adjust GH dosage in treated children.3 Despite its importance to
therapeutics, the variation of GH responsiveness across treated
patients has prompted few studies in search of biological
mechanisms.4 The increment in growth rate induced by GH
treatment in healthy children with ‘idiopathic’ short stature is
normally distributed and can thus be modeled as a continuous
quantitative trait. Genetic factors certainly have a role.4 Notably,
the deletion of exon 3 within the GH receptor (GHRd3) gene has
been recognized as a signiﬁcant pharmacogenetic predictor of GH
growth-promoting effects in children with idiopathic short
stature.2 Children carrying GHRd3 also show higher circulating
IGF1 in response to GH injection.5 Despite this ﬁrst advance, the
variability of GH responsiveness in children with ‘idiopathic’ short
stature has yet received limited molecular explanation.
Pharmacoepigenomics is a nascent ﬁeld of clinical medicine
that holds many promises, but has not yet produced tangible
results.6 The methylation of the cytosine within CG dinucleotides
is the simplest component of DNA epigenetics that can be studied
in patients receiving a treatment. Among the millions of CG
residues in the human genome sequence, a yet unknown number
of regions were found to show individual variation of CG
methylation in a given cell population. These regions contain CG
residues that are expected to contribute to the individual
variability of human phenotypes, provided that such CGs are
signiﬁcantly involved in the regulation of neighboring gene
transcription. In many experimental studies, the methylation of CG
residues located within low CG-rich promoters has been
recognized as a potentially major factor for gene regulation.7
To explore the epigenetic component of the individual
variability of growth and circulating IGF1 responses to treatment
with GH, we thought there was no better physiological candidate
than the IGF1 gene, a key player in postnatal growth, and GH
signaling. Inactivating mutations in IGF1 alter postnatal growth in
humans8 and mice.9 In contrast, common genetic variation in IGF1
gene does not contribute signiﬁcantly to adult height variation in
Caucasians10 but do so in Asians11 in whom minor allele frequency
is greater. Estimates of the proportion of variance in circulating
IGF1 that is genetically determined vary between 38% and480%
according to twin studies.12 The association of circulating IGF1
with several genetic variants is debated,13 but variants at the
IGF1 locus do not seem to inﬂuence circulating IGF1 levels in
Caucasians.13
Our working hypothesis was that epigenetic marks located in
regulatory regions might have a role in modulating IGF1 gene
expression, as observed for many genes, and could therefore
contribute to the individual variation of IGF1 production and
child’s growth. We therefore focused on the two promoters that
are directly involved in the regulation of IGF1 gene expression14
and are CG-poor promoters expected to exhibit inter-individual
variation.15 The choice of a candidate gene approach instead of
commercially available arrays made us able to quantify the
methylation of each CG of the IGF1 promoters. Indeed, individual
CG may have a signiﬁcant functional role possibly different from
its CG neighbors. GH has been shown to directly stimulate
transcription of the IGF1 gene in rats and mice.16,17 GH exerts its
effects through the JAK/Stat pathway with translocation of
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activated Stat5b transcription factor to the nucleus where it
regulates IGF1 transcription.18 GH-induced transcription promotes
accumulation of all classes of IGF1 mRNA.16,17,19 Class 1 transcripts
have their initiation sites on exon 1 and are driven by P1
promoter, whereas class 2 transcripts use exon 2 as a leader exon
(P2) and are driven by P2 promoter.20,21
In growing children, GH responsiveness is important to both
physiology and therapeutics. To explore the relation between IGF1
promoter methylation and response to GH in growing children,
we selected children who have not entered puberty to avoid the
confounding effect of the variable tempo of sexual maturation,
which adds to the variability of growth and circulating IGF1. We
used the long-studied ‘generation test’5 to test the direct effect of
GH on circulating IGF1 and transcription of IGF1 gene in blood
cells of 40 children with idiopathic short stature yet naive to GH
treatment. Whether P2 CG methylation could inﬂuence the
therapeutic efﬁcacy of GH was our next question. To study
whether the therapeutic response to GH differs across the various
levels of promoter P2 methylation, 136 children with so called
‘idiopathic’ short stature were studied during their ﬁrst year of GH




136 children who had varying degrees of ‘idiopathic short stature’ were
treated with recombinant GH (Table 1). All of them were healthy, had
normal clinical examination and no signs of puberty (girls showed no
breast development and boys had unmeasurable testosterone levels). GH
deﬁciency was excluded with a stimulated GH peak 415 ngml− 1. All
subjects had normal TSH levels. Subtle chondrodysplasia were excluded by
forearm, pelvis and spine radiographs. Trained nurses performed height
measurements in duplicate using the Harpenden stadiometer. Blood
samples were obtained before onset of GH treatment. We did not carry out
this study using GH deﬁcient children because the causes for this
deﬁciency are highly heterogeneous (mutations of pituitary transcription
factors, irradiation for cancer, hypothalamic tumors and so on) and are
often associated with other hormone deﬁcits or medical problems.
At onset of treatment, an acute test was performed by injecting
100 μg kg− 1 of recombinant GH intramuscularly to 40 children and
sampling blood before and 12 h after the injection. Thereafter, children
were all followed by a pediatric endocrinologist for the management of GH
treatment. Height (Harpenden stadiometer) and serum IGF1 measure-
ments were performed at 6, 9 and 12 months of treatment.
For methylation and transcript measurements, 10 ml peripheral blood
samples were obtained, from which white blood cells and/or PBMC
(peripheral blood mononuclear cells) were puriﬁed immediately. White and
mononuclear cell were counted at the time of sampling. For measuring
transcripts, PBMC were collected at the clinical center close to the
laboratory and mRNA was extracted immediately.
Parents of all studied children gave their written informed consent for
the current study and for using surgical specimens, according to the
French rules of bioethics in biomedical research checked by our
Institutional Review Board.
Serum IGF1 concentrations
Serum IGF1 concentration was measured around 0700 to 0800 hours
before breakfast in 136 children using an immune-radiometric assay after
ethanol-acid extraction using DSL-5600 Active (Diagnostic System
Laboratories, Webster, TX, USA) or Cisbio reagents. Intra- and inter-series
coefﬁcients of variation were 1.5% and 3.7% at 260 ngml− 1 and 3.9% at
760 ngml− 1. The sensitivity was 4 ngml− 1. IGF1 SDS were calculated using
the norms of Alberti et al.22 in French children.
DNA methylation at CpG resolution in IGF1 promoters 1 and 2
For promoter P1, we studied nine CGs located over a 800 bp distance, the
closest CG being 225 bp upstream from the corresponding major
transcription start site23 (Figure 1). For promoter P2, we studied 7/8 CGs
located upstream from the major transcription start site within the
proximal part of the promoter and one CG located 97 bp downstream this
transcription start site (Figure 1). CGs are denominated according to their
position versus each promoter transcription start site. The methylation of
CG-22 could not be measured for technical reasons. Nucleic acids were
extracted from white blood cells or PBMC using Gentra Puregene blood kit
(Qiagen, Hilden, Germany). A bisulﬁte-PCR-pyrosequencing technique24
was used to measure the methylation of the CGs. We improved the
resolution of this method from a handful of bases to up to 100 nucleotides,
with the ability to quantify methylation in the same sample of blood with a
coefﬁcient of variation (s.d./mean) as little as 1–5%. Brieﬂy, 400 ng of
genomic DNA were treated with EZ DNA Methylation-Gold Kit, according
to manufacturer’s protocol (Zymo Research Corporation, CA, USA). The
bisulﬁte-treated genomic DNA was PCR-ampliﬁed using unbiased IGF1
primers (Supplementary Methods Table 1) and performed quantitative
pyrosequencing using a PyroMark Q96 ID Pyrosequencing instru-
ment (Qiagen). Pyrosequencing assays were designed using MethPrimer
(http://www.urogene.org/methprimer/index1.html). Biotin-labeled single
stranded amplicons were isolated according to protocol using the Qiagen
Pyromark Q96 Work Station and underwent pyrosequencing with 0.5 μM
primer. The percent methylation for each of the CGs within the target
sequence was calculated using PyroQ CpG Software (Qiagen).
Study of IGF1 transcripts in PBMC
Methods are detailed in Supplementary Methods Table 2.
Calculations and statistical methods
IGF1 levels and height were expressed as SDS to adjust for age and sex.
The growth rate response to GH administration was expressed as
increment in growth rate, the difference between growth rate during GH
treatment (in cm per year) and previous growth rate (evaluated during the
whole year before onset of GH administration). We chose this quantitative
criterion because spontaneous growth in children with idiopathic short
stature is linear during this period of childhood. Correlations were
calculated as adjusted R square that measures the proportion of the
variation in the dependent variable accounted for by the explanatory
variables. The fraction of explained variance is calculated under the linear
regression model, using the usual deﬁnition: r2× 100. We ﬁtted a
multivariate linear model to the data to estimate the proper effect of CG
methylation on response to GH, adjusted for the effect of the other
covariates contributing to the growth under treatment, such as age at
diagnosis, sex and the received dose of GH. This approach is suitable for
estimating the association between the variable of interest, here the
methylation level, and the trait in the presence of correlation between the
covariates. We carried out tests of independence of each covariate one at a
time, keeping the others in the model. Statistics and estimations of effect
given in the tables are thus adjusted for the others whenever appropriate
and are not subject to marginal association. We checked the normality of
the residuals, and the residuals versus the ﬁtted values did not show any
trend, indicating that there was no noticeable deviation from the
assumption of the linear model. All statistics and linear model were
computed using R 2.10.1. Results are expressed as mean± s.d.






Sex (M/F) 27/13 72/64
Age (years) 10.8± 1.8 8.6± 3
Height (SDS) − 1.8± 0.7 − 2.2± 0.7
Growth rate before GH (SDS) − 1.3± 1.2 − 1.3± 1.2
Serum IGF 1 before GH (SDS) − 1.2± 0.8 − 1.3± 1
rhGH treatment dose
(mg kg− 1 per week)
— 0.47± 0.12
Growth rate at 1 year GH (SDS) — 4.6± 1.9
Serum IGF 1 at 1 year GH (SDS) — 0.6± 1.5
Abbreviations: F, female; GH, growth hormone; IGF1, insulin-like growth
factor 1; M, male; SDS, standard deviation score.
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RESULTS
Relationship between CG methylation and response of circulating
IGF1 and IGF1 transcripts to a ﬁrst GH injection
The methylation levels for the CGs located within the two
promoters of IGF1 is given in Supplementary Table S1.
Following the acute injection of GH, the increase in circulating
IGF1 was inversely related with CG-137 methylation (P= 3× 10− 7),
which accounted for as much as ~ 49% of the variability of this
increase (Figure 2a and Supplementary Table 2) and with the
methylation of 3/8 other P2 CGs (Figure 1 and Supplementary
Table 2).
In order to test whether methylation at the P2 promoter affects
the transcriptional response of the IGF1 gene to GH, we measured
P1-driven, P2-driven and total IGF1 transcripts in PBMC before and
12 h after the GH injection. We found a variable increase in IGF1
transcripts across the studied children. The increase in P2-driven
transcripts showed a very strong inverse correlation with CG-137
methylation (P= 5× 10− 11; Figure 2b) and with 4/8 other P2 CGs
(Supplementary Table 3). Among the CGs of P1 promoter, only
CG-611 showed an inverse correlation with P1-driven transcripts
(Supplementary Table 3). Methylation was unchanged by this brief
exposition to GH (not shown). We were not able to assess direct
GH effects on cultured PBMC from the patients, because when
these cells are submitted to short culture conditions, they show an
unreliable response of IGF1 expression to stimulation by GH.
IGF1 and growth response to GH treatment
As expected, GH-induced growth responses were variable, closely
ﬁtting the normal distribution (Supplementary Figure 1a) and
were correlated with circulating IGF1 (P= 3× 10− 5; Supplementary
Figure 2). A strong inverse relationship was observed between the
methylation of 8/8 CGs of the P2 promoter and growth accelera-
tion in response to GH administration (Supplementary Table 4).
Again, the correlation was maximal for CG-137 methylation
(P= 2.7 × 10− 10; Figure 3a and Supplementary Figure 1a), which
accounted for ~ 25% of the variability in the response to GH. We
conﬁrmed this ﬁnding by building a general linear model for
regression of age, sex, GH dose and CG-137 methylation on
growth rate increment (Table 2). Comparable patterns of correla-
tion were found for the increase in serum IGF1 (P=1.7 × 10− 10 for
CG-137; Figure 3b and Supplementary Figure 1b, Supplementary
Table 5).
DISCUSSION
The consistency and statistical strength of the observed correla-
tions support that the CG methylation of the P2 promoter of the
IGF1 gene is a major determinant of the individual response to GH
treatment across children with idiopathic short stature. The effect
size of this association is comparable with the association
previously reported between growth rate response and the
common GH receptor d3 deletion variant.2 Furthermore, our
observations suggest that the epigenetic association reported
herein has functional relevance since methylation of CG-137, as
well as methylation of the other CGs of the P2 promoter, is
associated with the transcriptional effects initiated at the P2
promoter following GH injection. Mice models have revealed that
GH effects on skeletal growth are mediated by IGF1 produced
in situ by growth plate chondrocytes, not by circulating IGF1.25
Like other studies before,26 we found a strong correlation
Figure 1. Schematic representation of the human IGF1 gene with its two promoters (P1, P2). The three closest Stat5b binding sites are
ﬁgured as black triangles ( ). The studied CGs are shown as lollypops within the two promoters. Mean methylation levels are ﬁgured as
( 475%; 40-75%; o20%). TSS are shown as broken arrows. The horizontal bar encompasses the eight CGs that show the strongest
association with response to GH.
Table 2. General linear model for regression of sex, age, GH dose and CG-137 methylation on increment in growth rate (cm per year) induced by GH
treatment
Estimates s.e. t-value Pr(4|t|)
Intercept 13.21 1.7 7.8 2 × 10-12
Age at GH onset (years) 0.13 0.05 2.46 0.015
Sex 0.03 0.28 0.12 0.91
GH dose (mg kg− 1 per week) 0.014 6.7 × 10− 3 2.04 0.04
CG-137 methylation (%) − 0.22 0.032 − 6.8 4 × 10−10
Figure 2. (a) CG-137 methylation correlates negatively with the
increment in serum IGF1 after the ﬁrst GH injection (N= 40; R=− 0.7,
P= 3.4 × 10− 7); (b) CG-137 methylation correlates negatively with
the increment in P2-driven IGF1 transcripts in PBMC in response to
acute GH injection in 40 children (R=− 0.82, P= 5 × 10− 11).
IGF1 promoter methylation
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between the increase in height and the increase in circulating
IGF1. As circulating IGF1 originates mostly in the liver,27 the latter
correlation suggests that the GH-induced levels of IGF1 expression
in liver and chondrocytes are proportional in a given individual,
and could share some of the epigenetic regulation reported in the
current study.
Clearly however, a weakness of our study is that we could not
study the association of P2 methylation with transcription or GH
responsiveness in liver and growth plates, the physiological tissues
regulating GH effects on IGF1 production and skeletal growth.
Hepatocytes and chondrocytes have their own epigenome. Such
lack of availability and analysis of epigenomes in speciﬁc cells
of physiological tissues is a common but major limitation of
epigenetic epidemiology,28–30 which most often has to rely on
blood cells. Herein the observations made in PBMC can only be
extrapolated to liver and growth plate through physiological
speculation.
Other questions left unanswered include the molecular
mechanisms taking place at the P2 promoter locus under GH
effect and correlating CG methylation with the regulation of gene
transcription. This correlation was observed in the mononuclear
blood cells of our patients following the ﬁrst GH injection. Liver
expression of the IGF1 gene is mainly controlled at the
transcriptional level by GH from the pituitary.31 In mammals
including humans, the IGF1 gene is composed of six exons and
ﬁve introns that span480 kb of chromosomal DNA32,33 which are
located in 12q23.2 in humans. Tandem promoters direct IGF1 gene
transcription through unique leader exons. Promoter 1, which uses
heterogeneous transcription initiation sites, is active in multiple
animal tissues,34 while the smaller and simpler promoter 2 is
primarily but not exclusively active in the liver of cattle,19 unlike in
rodents where promoter 2 activity seems exclusively hepatic.14
Although the biochemical mechanisms responsible for different
tissue-speciﬁc patterns of IGF1 promoter activity are unknown, the
DNA sequences of both proximal promoters are relatively well-
conserved in mammals based on analyses of available genomic
databases (74% over 420 nucleotides for promoter 1, 58% over
404 nucleotides for promoter 2 between rat and human IGF1),14
suggesting that functional properties of each promoter have been
maintained during speciation as essential aspects of the biology of
IGF1 gene regulation.14 GH exerts its effects through the JAK/Stat
pathway with the translocation of activated Stat5b transcription
factor to the nucleus where it regulates IGF1 transcription.18
Recent results suggest that GH-induced Stat5 activation of IGF1
gene expression in mouse liver might be collectively mediated
by at least eight Stat5 binding sites located in distal intronic and
5′-ﬂanking regions of the IGF1 gene, distantly from the IGF1
promoter.35 The identiﬁcation of multiple distal Stat5 binding sites
underscores the complexity of the mechanism that mediates GH
regulation of IGF1 gene expression. Active Stat5b interacts with
multiple DNA binding sites in chromatin within the IGF1 locus, and
through mechanisms not yet characterized, promotes the rapid
transmission of information to the two IGF1 promoters, culminat-
ing in induction of IGF1 gene transcription and production of IGF1
mRNAs and protein.14 In the liver of hypophysectomised rats, GH
induces dramatic changes in chromatin at the IGF1 locus and
activates IGF1 transcription by distinct promoter-speciﬁc epige-
netic mechanisms.17,36 The proximal part of rat P2 is an important
site of transcriptional regulation by GH via Stat5b.14 In rat liver, GH
induces rapid and dramatic changes in chromatin at the P2
promoter and activates IGF1 transcription by speciﬁc epigenetic
mechanisms.17,36 At promoter P2, GH facilitates recruitment then
activation of RNA Pol II to initiate transcription, whereas at
promoter P1, GH causes RNA Pol II to be released from a
previously recruited poised and paused pre-initiation complex.17
These recent advances on epigenetic mechanisms involving
chromatin landscape in rodent liver,17 as well as our observation
of a relationship between DNA methylation variation and IGF1
transcripts in PBMC, provide an impetus to address fundamental
mechanistic questions that will help decipher the epigenetic
regulation of IGF1 gene expression in baseline conditions and in
response to GH. Yet, not only CG location and composition are
different in human and rat IGF1 promoters (personal observation)
but the pattern of methylation and its transcriptional effects on rat
promoters are still unknown.
To our knowledge, the current study offers the ﬁrst clinical
evidence of a link between DNA methylation and the response to
a treatment in humans, illustrating the role of epigenetic variation
as a potent contributor to personalized therapeutics.
CONFLICT OF INTEREST
The authors declare no conﬂict of interest
ACKNOWLEDGMENTS
We thank Pﬁzer France for supporting the GH pharmacoepigenomics program. We
are grateful to their colleagues of the Department of Pediatric Endocrinology for
allowing the study of their GH-treated patients, and to the nurses who help carry
clinical research.
REFERENCES
1 Rosenfeld RG, Bakker B. Compliance and persistence in pediatric and adult
patients receiving growth hormone therapy. Endocr Pract 2008; 14: 143–154.
2 Dos Santos C, Essioux L, Teinturier C, Tauber M, Gofﬁn V, Bougnères P et al.
A common polymorphism of the growth hormone receptor is associated with
increased responsiveness to growth hormone. Nat Genet 2004; 36: 720–724.
3 Cohen P, Germak J, Rogol AD, Weng W, Kappelgaard AM, Rosenfeld RG et al.
Variable degree of growth hormone (GH) and insulin-like growth factor (IGF)
sensitivity in children with idiopathic short stature compared with GH-deﬁcient
patients: evidence from an IGF-based dosing study of short children. J Clin
Endocrinol Metab 2010; 95: 2089–2098.
4 Rosenfeld RG. The pharmacogenomics of human growth. J Clin Endocrinol Metab
2006; 91: 795–796.
5 Toyoshima MTK, Castroneves LA, Costalonga EF, Mendonca BB, Arnhold IJ, Jorge
AA et al. Exon 3-deleted genotype of growth hormone receptor (GHRd3) posi-
tively inﬂuences IGF-1 increase at generation test in children with idiopathic short
stature. Clin Endocrinol (Oxf) 2007; 67: 500–504.
6 Ivanov M, Kacevska M, Ingelman-Sundberg M. Epigenomics and interindividual
differences in drug response. Clin Pharmacol Ther 2012; 92: 727–736.
7 Weber M, Hellmann I, Stadler MB, Ramos L, Pääbo S, Rebhan M et al. Distribution,
silencing potential and evolutionary impact of promoter DNA methylation in the
human genome. Nat Genet 2007; 39: 457–466.
Figure 3. (a) CG-137 methylation correlates negatively with the
GH-induced increment in growth rate in 136 children treated with
GH (R=− 0.50, P= 2.7×10− 10); (b) CG-137 methylation correlates
negatively with the GH-induced increment in serum IGF1 concen-
tration in children treated with GH R=− 0.52, P= 1.7 × 10− 10).
IGF1 promoter methylation
M Ouni et al
4
The Pharmacogenomics Journal (2015), 1 – 5 © 2015 Macmillan Publishers Limited
8 Woods KA, Camacho-Hübner C, Savage MO, Clark AJ. Intrauterine growth retar-
dation and postnatal growth failure associated with deletion of the insulin-like
growth factor I gene. N Engl J Med 1996; 335: 1363–1367.
9 Lupu F, Terwilliger JD, Lee K, Segre GV, Efstratiadis A. Roles of growth hormone
and insulin-like growth factor 1 in mouse postnatal growth. Dev Biol 2001; 229:
141–162.
10 Lettre G, Butler JL, Ardlie KG, Hirschhorn JN. Common genetic variation in eight
genes of the GH/IGF1 axis does not contribute to adult height variation. Hum
Genet 2007; 122: 129–139.
11 Okada Y, Kamatani Y, Takahashi A, Matsuda K, Hosono N, Ohmiya H et al.
A genome-wide association study in 19 633 Japanese subjects identiﬁed
LHX3-QSOX2 and IGF1 as adult height loci. Hum Mol Genet 2010; 19: 2303–2312.
12 Kao PC, Matheny AP, Lang CA. Insulin-like growth factor-I comparisons in healthy
twin children. J Clin Endocrinol Metab 1994; 78: 310–312.
13 Palles C, Johnson N, Coupland B, Taylor C, Carvajal J, Holly J et al. Identiﬁcation of
genetic variants that inﬂuence circulating IGF1 levels: a targeted search strategy.
Hum Mol Genet 2008; 17: 1457–1464.
14 Rotwein P. Mapping the growth hormone--Stat5b--IGF-I transcriptional circuit.
Trends Endocrinol Metab 2012; 23: 186–193.
15 Bock C, Walter J, Paulsen M, Lengauer T. Inter-individual variation of DNA
methylation and its implications for large-scale epigenome mapping. Nucleic
Acids Res 2008; 36: e55.
16 Bichell DP, Kikuchi K, Rotwein P. Growth hormone rapidly activates
insulin-like growth factor I gene transcription in vivo. Mol Endocrinol 1992; 6:
1899–1908.
17 Chia DJ, Young JJ, Mertens AR, Rotwein P. Distinct alterations in chromatin
organization of the two IGF-I promoters precede growth hormone-induced
activation of IGF-I gene transcription. Mol Endocrinol 2010; 24: 779–789.
18 Heim MH. The Jak-Stat pathway: cytokine signalling from the receptor to the
nucleus. J Recept Signal Transduct 1999; 19: 75–120.
19 Wang Y, Price SE, Jiang H. Cloning and characterization of the bovine class 1 and
class 2 insulin-like growth factor-I mRNAs. Domest Anim Endocrinol 2003; 25:
315–328.
20 Yang H, Adamo ML, Koval AP, McGuinness MC, Ben-Hur H, Yang Y et al.
Alternative leader sequences in insulin-like growth factor I mRNAs modulate
translational efﬁciency and encode multiple signal peptides. Mol Endocrinol Baltim
Md 1995; 9: 1380–1395.
21 Adamo ML, Ben-Hur H, Roberts CT, LeRoith D. Regulation of start site usage in the
leader exons of the rat insulin-like growth factor-I gene by development, fasting,
and diabetes. Mol Endocrinol 1991; 5: 1677–1686.
22 Alberti C, Chevenne D, Mercat I, Josserand E, Armoogum-Boizeau P, Tichet J et al.
Serum concentrations of insulin-like growth factor (IGF)-1 and IGF binding
protein-3 (IGFBP-3), IGF-1/IGFBP-3 ratio, and markers of bone turnover: reference
values for French children and adolescents and z-score comparability with other
references. Clin Chem 2011; 57: 1424–1435.
23 Jansen E, Steenbergh PH, LeRoith D, Roberts CT, Sussenbach JS. Identiﬁcation of
multiple transcription start sites in the human insulin-like growth factor-I gene.
Mol Cell Endocrinol 1991; 78: 115–125.
24 Tost J, Gut IG. DNA methylation analysis by pyrosequencing. Nat Protoc 2007; 2:
2265–2275.
25 Liu JL, Yakar S, LeRoith D. Conditional knockout of mouse insulin-like growth factor-1
gene using the Cre/loxP system. Proc Soc Exp Biol Med 2000; 223: 344–351.
26 Kriström B, Lundberg E, Jonsson B, Albertsson-Wikland K. & study group. IGF-1
and growth response to adult height in a randomized GH treatment trial in short
non-GH-deﬁcient children. J Clin Endocrinol Metab 2014; 99: 2917–2924.
27 Yakar S, Pennisi P, Wu Y, Zhao H, LeRoith D in Endocrine Development, (eds)
Cianfarani S, Clemmons DR, & Savage MO 11–16. KARGER: S Karger AG, Basel,
2005 at ohttp://www.karger.com.gate2.inist.fr/Article/FullText/857184.
28 Rakyan VK, Down TA, Balding DJ, Beck S. Epigenome-wide association studies for
common human diseases. Nat Rev Genet 2011; 12: 529–541.
29 Murrell A, Rakyan VK, Beck S. From genome to epigenome. Hum Mol Genet 2005;
14 Spec No 1: R3–R10.
30 Mill J, Heijmans BT. From promises to practical strategies in epigenetic epide-
miology. Nat Rev Genet 2013; 14: 585–594.
31 Daughaday WH, Rotwein P. Insulin-like growth factors I and II. Peptide, messenger
ribonucleic acid and gene structures, serum, and tissue concentrations. Endocr
Rev 1989; 10: 68–91.
32 Rotwein P, Pollock KM, Didier DK, Krivi GG. Organization and sequence of the
human insulin-like growth factor I gene. Alternative RNA processing produces two
insulin-like growth factor I precursor peptides. J Biol Chem 1986; 261: 4828–4832.
33 Rotwein P. Structure, evolution, expression and regulation of insulin-like growth
factors I and II. Growth Factors 1991; 5: 3–18.
34 Hall LJ, Kajimoto Y, Bichell D, Kim SW, James PL, Counts D et al. Functional analysis
of the rat insulin-like growth factor I gene and identiﬁcation of an IGF-I gene
promoter. DNA Cell Biol 1992; 11: 301–313.
35 Eleswarapu S, Gu Z, Jiang H. Growth hormone regulation of insulin-like growth
factor-I gene expression may be mediated by multiple distal signal transducer and
activator of transcription 5 binding sites. Endocrinology 2008; 149: 2230–2240.
36 Chia DJ, Rotwein P. Deﬁning the epigenetic actions of growth hormone: acute
chromatin changes accompany GH-activated gene transcription. Mol Endocrinol
2010; 24: 2038–2049.
This work is licensed under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International License. The images or
other third party material in this article are included in the article’s Creative Commons
license, unless indicatedotherwise in the credit line; if thematerial is not included under
the Creative Commons license, users will need to obtain permission from the license
holder to reproduce the material. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/
Supplementary Information accompanies the paper on the The Pharmacogenomics Journal website (http://www.nature.com/tpj)
IGF1 promoter methylation
M Ouni et al
5







��������������������������� �������������������������� ������������������������ ��������� ����������������������������������������������� ������������������������������������������������������������������������������������������������������������������������� ����������������������������������������������������������������������������������������������������������
��������������������������������������������������������������������������������������������������������������������������������������
������ ��� ���������� �������������� ���� ���������� ������ ���� ������������ �������� ���������� ����������������������������
�������������� �
� ��







���������������� ������ � ������ ����
������������
��������� ������� ���������� ��� �����
�������� ������� ���������� ��� �����
�������� ������� ���������� ��� �����
�������� ������� ���������� ��� �����
�������� ������� ���������� ��� �����
�������� ������� ���������� ��� �����
�������� ������� ���������� ��� �����
�������� ������� ���������� ��� ����
�������� ������� ���������� ��� �����
�������������
�������� ������� ���������� ��� �����
�������� ������� ���������� ��� �����
�������� ������� ���������� ��� �����
�������� ������� ���������� ��� �����
�������� ������� ���������� ��� �����
�������� ������� ���������� ��� �����
������� ������� ���������� ��� �����
������� ������� ���������� ��� ������� �

































�� �� �� �� �� ��
�������������
��������� ������ ����� ����� ������ ����� ������
�������� ������ ����� ������ ����� ������ �����
�������� ������ ����� ������ ����� ������ �����
�� ���� ���� ���� ���� ���� ���� ����
�������� ������ ������� ������ ����� ������ �����
�� ���� ����� ���� ���� ���� ���� ����
�������� ������ ����� ����� ����� ����� �����
�������� ������ ����� ����� ����� ������ �����
�������� ������ ����� ������ ����� ������ �����
�������������
�������� ����� ����� ����� ����� ������ �����
�������� ������ ����� ������ ����� ������ �������
�������� ������ ����� ������ ��������� ������ ���������
�������� ������ ������ ������ ������� ������ ��������
�������� ����� ����� ������ ���������� ������ ���������
�������� ������ ����� ������ ����� ������ �����
������� ������ ����� ������ ����� ������ �����




� � ��������� �� ������ ����
� � �������� �������� �� �� ��
�������������
��������� ����� ����� ������ �����
�������� ������ ����� ������ �����
�������� ������ ����� ������ �����
�������� ������ ����� ������ �����
�������� ������ ����� ������ �����
�������� ������ ����� ������ �����
�������� ������ ����� ������ �����
�������� ������ ����� ������ �����
�� ���� ����� ���� ����� ����
�������������
�������� ������ ���������� ������ ���������
�������� ������ ��������� ������ �������
�������� ������ ������ ������ ���������
�������� ������ ������ ������ �������
�� ���� ����� ��������� ����� ���������
�������� ������ ��������� ������ ���������
�������� ������ ������� ������ �������
������� ������ ������� ������ �������
�� �






�� ����� ����� �������
�� ���� ����� ����







! ! ! !
! ! ! !











������������������������������������������������������������������������������������� ���������� �������������������� ���������������������������������������� ���������
� ��








����� ������ ����������������������������������� ���������� ���������� ������ �������
���������������������������������������������������������� �������
�������������������� ��������������������������������������������������������������������������









����� ��������������������������������������������������� ������ ��������
����������������������������������������������������������� �������
�������������������������������������� �������������� ��������������������������� ��������������������������� ������������������������������������ ��������������������������� ������������������������� ��������������������������������� ��������������������������� ������������������������������������������ ����������������������������������������
��������������������������������������� ����� �������������� �������������� ������������� ������� ���������������������������������������������
�������������������� ������������ �������������������������������������������������������������� ��������
��������������������������������������������������������� �������
��������� ���������������������� ����� ���� ��������������������������������������� ����� ������������� ����
���������������������������������������������������������������
�������






��������������������������������������������������������������������������� ��������� ��� ����� ��� ����������� ��������� ���������� ���������������� ���� ����������� ��� ����� ������������ ��� ����������� ��������������������������������������������������������������������������������� ���������� ���� ������ ����� ������� ����� ������ ���� �������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
�����������������������������������������
����� ���� ���������� ����� ������ ����� ���� ���������� ���� ��� ������������������������������������������������������ �������������� ���������� ���� ���������� ����� ����������� ������ ����������������� ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
��������������������������������������� ��� ������ ���� ���� ����������� ��� ���� ��������� �������������� ������� ���� ���� �������� ���� ���������� ������ ��������������������������������������������������������������������������������� ���������� ���� ��������� ��� ������������ ��������� ������ �������������� ��� ���� ���������� ������� ������ ���� ���������������������������������������������������������������������������������
���������������������������������������������������������������������������������������������������������




���������������������������������������������� ��� ��� ��������������������� ��� �������� ����� ��� �������� ��� ���������� ���� ������������������ ������������� �� ������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������ �����������������������������������������������������������
��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������� ������� ������� ��������������� ������ ������������������� ������� �������������������
�������������������������������
������������������������������������������������������������ ������������ ���� ���� ��������� � ��������������������������������������
������������������������������������������������
���������������������������������������������������������������������������������������������������������������������������������������������������������������������������
��������������������������������������������������������������������������������������������������������� ����� ���� ����� ������� ����� ��������� ��� �� ����������������������� ������������� ���� ����� ��������������������� ��� ������������������������������������������������������������������������������������������������������������������������� ������
������������ ������� ���� ��������� ���� ������ ������� ��� ������ �����������������������������������������������������������������������������������������������������������������������������������������������������������������
� ���
��������� ����������� ������� ����� ��������� ��� ���� ������������ ���������� �ΔΔ����� ������ �� ���������������� ������������� ����������� ��� ����������� ��������� ����� �������� ��� ���� ������������������� �������������� ���� ��������������������������������� ������
ΔΔ���������������������������������������������������
ΔΔ�����Δ����������������������Δ����������������������



















Après! l'injection! aiguë!de!GH,! l'augmentation!d'IGF1! en! circulation! était! inversement! corrélée! à! la!
méthylation! d’ADN! du! promoteur! P2,! qui! représentait! environ! 49%! de! la! variabilité! de! cette!
augmentation.! Donc! nous! observons! un! lien! assez! robuste! entre! le! produit! final! du! gène! IGF1,! la!
protéine circulante, qui est produite principalement par le foie et la méthylation! d’ADN dans un!
autre! tissu,! les!PBMCs.!Et! selon!notre!hypothèse!de! travail,! ce! lien!peut!être!extrapolé! sur! le! tissu!




l’organisme! répondent! à! l’hormone! de! croissance! car! elles! possédent! toutes! le! récepteur! de!
l’hormone!de!croissance!(GHR).!Nous!avons!donc!cherché!à!montrer!que!l’activité!transcriptionnelle!
du!gène!IGF1!GHMdépendante,!est!modulée!par!la!méthylation!d’ADN!dans!les!PBMCs.!
Nous!avons!montré!pour! la!première! fois!que! les!PBMCs!sont!des!cellules! capables!de! répondre!à!
l’hormone!de!croissance! in'vivo.!L’augmentation!des!deux!classes!de!transcrits!est!variable,! lors!du!
test!aigu.!L'augmentation!des!transcrits!de!classe!II!est!fortement!corrélée!avec!la!méthylation!du!P2!
notamment! avec! le! CGM137.! La! GH! augmente! la! transcription! du! gène! IGF1! chez! les! individus! les!
moins!méthylés!sur!4/8!CG!du!promoteur!P2.!Parmi! les!dinucléotides!CG!du!promoteur!P1,!un!seul!
CG!(CGM611)!était!inversement!corrélé!avec!ses!transcrits!(classe!I).!
La! contribution! de! la! méthylation! du! CGM137! est! de! 67%! de! la! variabilité! de! l’augmentation! des!
transcrits!de!la!classe!II!dans!les!PBMC.!Nous!avons!donc!prouvé!le!rôle!de!la!méthylation!d’ADN!dans!
l’expression! du gène! IGF1! GHMdépendante! in' vivo.! Le! gène! IGF1! est! faiblement! exprimé! dans! les!
PBMC.!En!effet,! il!était!difficile!de!valider!nos!résultats! in'vitro.!La!quantification!des!transcrits!d’un!








137,!par!exemple,!participe!de!25%!à! la! variabilité!de! la! réponse!à! la!GH.!Nous!avons! confirmé!ce!
résultat!en!construisant!un!modèle!de!régression!multiple!comprennent!l'âge,!le!sexe,!la!dose!de!GH!
et!la!méthylation!du!CGM137.!
L’augmentation! d’IGF1! circulant! sous! GH,! montre! aussi! de! fortes! corrélations! avec! différents!
dinucléotides!CGs!du!promoteur!P2.!La!méthylation!du!CGM137!contribue!pour!27%!dans!la!variance!
de!l'augmentation!des!taux!sériques!d'IGF1!sous!traitement.!
La! cohérence! et! la! force! statistique!des! corrélations! observées! soutiennent! que! la!méthylation! du!
promoteur!P2!du!gène!IGF1!est!un!déterminant!majeur!de!la!réponse!individuelle!au!traitement!GH!
entre! les! enfants! ayant! une! petite! taille! idiopathique.! Nous! proposons! ainsi! que! l'association!
épigénétique! observée! montre! une! pertinence! fonctionnelle,! appuyée! sur! des! effets! de! la!
transcription!initiés!au!niveau!du!promoteur!P2!après!l'injection!de!GH.!
Comme!d'autres!études!avant!(Kriström!et!al.,!2014),!nous!avons!trouvé!une!forte!corrélation!entre!




provient! principalement! du! foie! (Yakar! et! al.,! 2005),! cette! dernière! corrélation! suggère! que! les!
niveaux!GHMinduits!de!l'expression!d'IGF1!dans!le!foie!et!les!chondrocytes!sont!proportionnelles!chez!





A! notre! connaissance,! la! présente! étude! offre! la! première! preuve! clinique! d'un! lien! entre! la!














































































































test! sert! ainsi! i)! à! l'évaluation! des! diverses! formes! de! petite! taille,! notamment! celles! qui! sont!
associées!à!un!défaut!de!la!sensibilité!à!la!GH,!ii)!!à!prévoir!la!réponse!au!traitement!GH!(Gretner!JM,!
1984!;!Plotnick!LP,!Rudman.D,!1981!;!Van!Vliet.G,!1983).!Cependant,!l’utilité!du!test!est!controversée,!












Genetic and Epigenetic Modulation of Growth
Hormone Sensitivity Studied With the IGF-1
Generation Test
Meriem Ouni, Anne-Laure Castell, Agnès Linglart, and Pierre Bougnères
Institut National de la Santé et de la Recherche Médicale Unité 986 (M.O., A.-L.C., A.L., P.B.) and
Department of Pediatric Endocrinology and Diabetes (A.-L.C., A.L., P.B.), Paris Sud University, Bicêtre
Hospital, 94275 Le Kremlin-Bicêtre, France
Context: Like all hormones, GH has variable physiological effects across people. Many of these
effects initiated by the binding of GH to its receptor (GHR) in target tissues are mediated by the
expression of the IGF1 gene. Genetic as well as epigenetic variation is known to contribute to the
individual diversity of GH-dependent phenotypes through two mechanisms. The first one is the
genetic polymorphism of the GHR gene due to the common deletion of exon 3. The second, more
recently reported, is the epigenetic variation in the methylation of a cluster of CGs dinucleotides
located within the proximal part of the P2 promoter of the IGF-1 (IGF1) gene, notably CG-137.
Objective: The current study evaluates the relative contribution of these two factors controlling
individual GH sensitivity by measuring the response of serum IGF-1 to a GH injection (IGF-1 gen-
eration test) in a sample of 72 children with idiopathic short stature.
Results: Although the d3 polymorphism of the GHR contributed 19% to the variance of the IGF-1
response, CG-137 methylation in the IGF-1 promoter contributed 30%, the combined contribution
of the two factors totaling 43%.
Conclusion: Our observation indicates that genetic and epigenetic variation at the GHR and IGF-1
loci play a major role as independent modulators of individual GH sensitivity. (J Clin Endocrinol
Metab 100: E919–E925, 2015)
Tens of thousands of children affected by various causesof short stature currently receive recombinant GH to
improve their final height. There is, however, a highly
variable individual GH response to this treatment, which
does not allow pediatric endocrinologists to predict final
height reliably, although clinical predictive models have
been developed (1) as well as biological models based on
GH/IGF-1 hormones measured before treatment (2). The
multiple causes underlying the variability of the therapeu-
tic response to GH include the etiology of short stature (3,
4), GH dose (5), child age (1), treatment regimens (6), and
therapeutic compliance (7). Because IGF-1 is the mediator
of GH effects, the individual variation in growth responses
is in large part due to the variable IGF-1 production under
GH treatment, reflected by circulating IGF-1 concentra-
tion (8–10). On the other hand, the personal capacity to
respond to GH has prompted few studies in search of
biological mechanisms able to vary across individuals (11,
12). The increment in IGF-1 induced by GH administra-
tion in healthy children with idiopathic short stature is
normally distributed (8, 10, 13, 14) and can thus be mod-
eled as a continuous quantitative trait. Among the molec-
ular determinants involved in the variability of IGF-1 re-
sponses to GH, it has become clear that genetic variation
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plays a role (11). Notably, the deletion of exon 3 within the
GH receptor (GHRd3) gene has been recognized as a sig-
nificant predictor of GH growth-promoting effects in chil-
dren with idiopathic short stature (15–18) or other etiol-
ogies of short stature (11, 12, 19).
Estimates of the proportion of variance in circulating
IGF-1 that is genetically determined vary between 38%
and 80% (20, 21). The association of serum IGF-1 con-
centration with several genetic variants is debated (22–
24), but variants at the IGF-1 locus do not seem to influ-
ence circulating IGF-1 in Caucasian adults (22, 25) except,
perhaps, the most common Z allele of the microsatellite
located 1 kb upstream the IGF-1 gene (26, 27). Overall,
the genetic basis for serum IGF-1 variability remains
largely unknown in adults and has not been studied during
the period of physiological growth in normal children. In
children with idiopathic short stature, considered to be a
variant category of normal children, the GHRd3 is asso-
ciated with higher circulating IGF-1 in response to GH
injection (28) .
Unlike pharmacogenetics, pharmacoepigenetics is a
nascent field of clinical medicine (29), and the epigenetics
of growth and IGF-1 responses have only recently started
to be investigated (30). A recent study showed that the
methylation of a cluster of dinucleotides (CGs) located
within the P2 promoter of the IGF-1 (IGF-1) gene, notably
CG-137, is inversely closely correlated with the response
of growth and circulating IGF-1 to GH treatment (30).
In growing children, GH responsiveness is important to
physiology and in some of them to therapeutics. The cur-
rent study investigates the individual response of children
to a GH injection with the objective of evaluating the re-
spective role of genetic polymorphism of the GHR and the
degree of methylation of the P2 promoter of the IGF-1
gene. We selected children who have not entered puberty
to avoid the confounding effect of the variable tempo of
sexual maturation, which adds to the variability of basal
(31–33) and GH-stimulated (34) circulating IGF-1. We
used the long-studied generation test (31, 34–37) to study
the GH responsiveness of circulating IGF-1 in 72 children.
We studied the GH receptor (GHR) d3 genotype and the
methylation of the IGF-1 P2 promoter in these children to
study how these factors contribute to the individual vari-
ability of the GH response to the test.
Materials and Methods
Participants
Seventy-two children with various degrees of short stature
(!1.1 SD to !3.2 SD) belonging to the Epigrowth cohort (30)
had venous blood sampling at 8:00 PM before dinner, 10 minutes
before receiving an injection of 100 !g/kg body weight of re-
combinant human growth hormone (rhGH) im in the left thigh,
had a normocaloric standard dinner at 8:10 PM, fasted overnight,
and had a second blood sampling at 8:00 AM. Their main char-
acteristics are depicted in Table 1. All children were healthy and
had normal clinical examination. Thirty children had criteria of
idiopathic short stature, as defined in (11). In these children, GH
deficiency was excluded with a stimulated GH peak greater than
15 ng/mL, TSH levels were normal. Subtle chondrodysplasia
were excluded by forearm, pelvis, and spine radiographs. Pu-
bertal stages were estimated using the Tanner definition.
Parents of all studied children gave their written informed
consent for the study according to the French rules of bioethics
in biomedical research checked by our institutional review
board.
Serum IGF-1 and IGF binding protein-3 (IGFBP3)
concentrations
Serum IGF-1 concentration was measured at approximately
7:00–8:00 AM before breakfast in 136 children using an im-
mune-radiometric assay after ethanol-acid extraction using Cis-
bio reagents. Intra- and interseries coefficients of variation were
1.5% and 3.7% at 260 ng/mL and 3.9% at 760 ng/mL. The
sensitivity was 4 ng/mL. IGF-1 SD score (SDS) was calculated
using the norms of Alberti et al (33) in French children. Serum
IGFBP3 was measured using an immune-radiometric assay after






Age, y 11 " 2.5










SDS !1.16 " 0.8









IGF-1 P2 promoter methylation, %
CG-232 62 " 6
CG-224 74 " 7
CG-218 72 " 6
CG-207 45 " 7
CG-137 47 " 4
CG-108 60 " 6
Averagea 58 " 4
Abbreviations: F, female; M, male.
a Mean value for the six studied CGs.
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ethanol-acid extraction with Diagnostic Systems Laboratory re-
agents (Beckman-Coulter). Intra- and interseries coefficient of
variation was 10.4 and 14% and the sensitivity limit was 6.2
ng/mL.
GHR genotype
Analysis of the GHR exon 3 polymorphism was carried out
in patients by quantitative PCR performed on ABI 7500 fast
(Applied Biosystems). Genotyping protocol was adapted from
Bernabeu et al (38). Primer/probe sets were targeted to exon 3
and exon 10 of GHR, which was used as an internal positive
control. We used oligonucleotide primers and probes previously
described in (38).
For each analysis, 50 ng genomic DNA was quantitative PCR
amplified in 96-well plates in a volume of 12 !L using Gotaq
probe quantitative PCR master mix (Promega), 1.25 !L GHR
exon 3 primer/probe set (3 pm/!L each), 1.25 !L GHR exon 10
primer/probe set (9 pm/!L each), and 2.75 !L sterile water.
Cycle conditions were 50ºC for 2 minutes and 95ºC for 10 min-
utes, followed by 40 cycles of 95ºC for 15 seconds and 60ºC for
1 minute. Differences in cycle threshold (Ct) between the exon 3
and exon 10 amplicons were used to determine the exon 3 copy
number for each sample. A "Ct value of 1 indicates two exon 3
copies (genotype fl/fl), a "Ct value of 2 indicates one exon 3 copy
(genotype fl/d3), and no signal for exon 3 in the presence of a
normal exon 10 signal indicates an absent exon 3 (genotype
d3/d3).
DNA methylation
For methylation measurements, 6 mL peripheral blood sam-
ples were obtained, from which peripheral blood mononuclear
cells were purified immediately.
For promoter P2, we studied the six CGs located upstream
from the major transcription start site within the proximal part
of the P2 promoter. CGs are denominated according to position
vs each promoter transcription start site. Nucleic acids were ex-
tracted from peripheral blood mononuclear cells using Gentra
Puregene blood kit (QIAGEN). A bisulfite-PCR-pyrosequencing
technique (39) was used to measure the methylation of the CGs.
We improved the resolution of this method from a handful of
bases to up to 100 nucleotides, with the ability to quantify meth-
ylation in the same sample of blood with a coefficient of variation
(SD/mean) as little as 1%–5%. Briefly, 400 ng of genomic DNA
was treated with an EZ DNA Methylation-Gold kit, according
to manufacturer’s protocol (Zymo Research Corp). The bisul-
fite-treated genomic DNA was PCR amplified using unbiased
IGF-1 primers (30) and performed quantitative pyrosequencing
using a PyroMark Q96 ID Pyrosequencing instrument (QIA-
GEN). Pyrosequencing assays were designed using MethPrimer
(http://www.urogene.org/methprimer/index1.html). Biotin-la-
beled single-stranded amplicons were isolated according to pro-
tocol using the QIAGEN Pyromark Q96 Work Station and un-
derwent pyrosequencing with 0.5 !M primer. The percentage
methylation for each of the CGs within the target sequence was
calculated using PyroQ CpG Software (QIAGEN).
Calculations and statistics
The IGF-1 response to GH administration was expressed as
increment in serum IGF-1 concentration, ie, the difference be-
tween serum IGF-1 12 hours after injecting GH and serum IGF-1
concentration before GH injection. Pearson correlations were
calculated as adjusted R square that measures the proportion of
the variation in the dependent variable accounted for by the
explanatory variables. The fraction of explained variance is cal-
culated under the linear regression model, using the usual defi-
nition: r2!100. We fitted a multivariate linear model to the data
to estimate the proper effect of GHR genotype and CG-137
methylation on response to GH, adjusted for the effect of the
other covariates contributing to the IGF-1 response, such as age
and sex. We carried out tests of independence of each covariate
one at a time, keeping the others in the model. Statistics and
estimations of effect given in the tables are thus adjusted for the
others whenever appropriate and are not subject to marginal
association. We checked the normality of the residuals, and the
residuals vs the fitted values did not show any trend, indicating
that there was no noticeable deviation from the assumption of
the linear model. All statistics and linear model were computed
using R 2.10.1. Results are expressed as mean " SD.
Results
The response of serum IGF-1 concentration to the GH test
averaged 90 " 54 ng/mL, an increase of 38 " 36% from
the basal IGF-1 value. There was no correlation between
basal IGF-1 and the increase of IGF-1 during the test.
Within the studied group of children, the IGF-1 response
to GH showed a nonsignificant trend of positive associa-
tion with age ( P # .11) and Tanner pubertal stages ( P #
.45).
Basal IGF-1 concentration was comparable in children
of various GHR genotypes (Figure 1A), but a significant
difference appeared after the GH injection (Figure 1B).
Children carrying the dominant GHR-allele d3 (15) had a
56% higher IGF-1 response to GH than the fl/fl homozy-
gotes. Because d3/3 children and fl/d3 showed comparable
IGF-1 responses to GH, they were merged in a single group
for analysis.
The serum IGF-1 response to the GH test showed a
negative correlation with the methylation of three of six
CGs of the IGF-1 P2 promoter (Supplemental Table 1),
notably with CG-137 methylation (R # !0.54, P #
4.10!7) as shown in Figure 2A. Children in the highest
tertile for CG-137 methylation showed a 142% increase in
IGF-1 response compared with those in the lowest tertile
(Figure 2B). CG methylation was comparable in the GHR
genotype groups.
Once combined in a multivariate analysis with age, pu-
bertal stages, and sex, both GHR d3 genotype and the
methylation of CG-137 showed a significant association
with the serum IGF-1 response to the GH test (Table 2).
The combined effect of GHR genotype and IGF-1 epig-
enotype is illustrated by the three-dimensional histograms
of Figure 3. Overall, the GHR d3 genotype contributed
19% to the variance of the IGF-1 response and the IGF-1
P2 methylation contributed 30%, resulting in a total con-
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tribution of 43% to the individual GH sensitivity evalu-
ated by the IGF-1 generation test. Strikingly, the children
who had both a GHR fl/fl genotype and a CG-137 meth-
ylation in the highest tertile (n # 18) had an IGF-1 re-
sponse to the GH test 3.4 times smaller than children car-
rying one or two GHR d3 alleles combined with CG-137
methylation in the lowest tertile (n # 11) (Figure 3).
We found no correlation of serum IGFBP3 with the GHR
genotype or with the IGF-1 P2 promoter methylation, in the
basal state as well as in response to the GH test.
Discussion
Our study supports that both the GHR genotype and the
CG methylation of the P2 promoter of the IGF-1 gene are
major determinants of the individual IGF-1 response to
GH in childhood.
IGF-1 generation tests were developed more than 20
years ago (31, 34–37) and are currently used in evaluating
GH sensitivity in children with unexplained short stature,
notably when characterized by low serum IGF-I. Major
limitations have included variability in protocols for ad-
ministration of GH, timing of samples, differences in IGF
assay methodologies, and lack of adequate normative data
(40). The latter is particularly problematic, given the well
documented age-related variability in IGF-I concentra-
tions (12, 32) as well as gender-related differences in
responsiveness to exogenous GH (41, 42). The results of
the generation test in children with idiopathic short stat-
ure are of particular interest, as previously reported
(36), to have serum IGF-I concentrations in the lower
portion of the normal range or below the lower limits of
normal. Interestingly, these subjects also failed, in gen-
eral, to raise their serum IGF-1 concentrations in re-
sponse to GH; many did not even attain levels within the
baseline normal range. According to another report
(34), this was previously considered to result from mild
mutations of the GHR gene or from subtle postreceptor
mechanisms (36, 43, 44). The current results establish
the GHR d3 genotype and the
IGF-1 P2 epigenotype as major
sources of individual variation of
the IGF-1 generation test. This can
be of importance for understanding
the phenotypic diversity in GH sen-
sitivity at the individual level.
The vast majority of the increase
in serum IGF-1 concentration occur-
ring in response to GH is considered
to result from GH effects on IGF-1
expression in child liver, mediated by
GH binding to its hepatic receptor. A
weakness of our study is that we
could not study the association of
liver P2 methylation with GH re-
sponsiveness. Such lack of availabil-
ity and analysis of epigenomes in spe-
Figure 1. Relationship between GHR-d3 genotype and serum IGF-1 concentration in the studied children. A, Basal IGF-1 shows no difference
across the genotypic groups. B, The response of serum IGF-1 to GH test is greater in children carrying a d3 allele (P # 2.10!5). C, Mean values of
IGF-1 response in the three GHR genotypic groups show that d3/fl and d3/d3 classes have a comparable response to GH.
Figure 2. Relationship between CG-137 methylation and IGF-1 response to the GH test. A,
Correlation between serum IGF-1 and CG-137 methylation (R # !0.54, P # 4.10!7, y # !6.8X
# 413). B, IGF-1 response across the three tertiles of CG-137 methylation (P # 10!6).
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cific cells of physiological tissues is a common but major
limitation of epigenetic epidemiology (45,46),which most
often has to rely on blood cells (47, 48) .
The expression of the IGF-1 gene in liver is controlled
by GH at a transcriptional level. In mammals including
humans, the IGF-1 gene is composed of six exons and five
introns that spangreater than80 kb of chromosomal DNA
(49, 50). Tandem promoters direct IGF-1 gene transcrip-
tion through unique leader exons. Promoter 1, which uses
heterogeneous transcription initiation sites, is active in
multiple animal tissues (51), whereas the smaller and sim-
pler promoter 2 is primarily but not exclusively active in
the liver of cattle (52), unlike in rodents in which promoter
2 activity seems exclusively hepatic (14). GH exerts its
effects through the Janus kinase/signal transducer and ac-
tivator of transcription pathway with translocation of ac-
tivated signal transducer and activator of transcription-5b
transcription factor to the nucleus in which it regulates
IGF-1 transcription (53). In the liver of hypophysecto-
mized rats, GH induces dramatic changes in chromatin at
the IGF-1 locus and activates IGF-1 transcription by dis-
tinct promoter-specific epigenetic mechanisms (54, 55).
Yet not only CG location and composition are different in
human and rat IGF-1 promoters, but also the pattern of
methylation and its transcriptional effects on rat promot-
ers are still unknown.
Although the d3 polymorphism at the GHR locus and
the variation of methylation at the IGF-1 P2 promoter
account for a total 43% of the individual variability of GH
effects on serum IGF-1, the remaining 57% of variance are
yet to be explained by other factors. Age, puberty, or sex
could be important but do not play a significant role in the
current group of children recruited within a relatively nar-
row age range. Because serum IGF-1 concentration mostly
reflects IGF-1 production by the liver in response to GH,
it is possible that some of the variance comes from the
factors controlling GH pharmacokinetics or from the mo-
lecular pathway involved in the hepatic signaling of GH
upstream IGF-1 production. This pathway encompasses
the GHR, JAK2, and STAT5b gene products whose ex-
pression can vary, depending on individual genotypes and
epigenotypes. We are not aware that genome-wide asso-
ciation studies or methylome-wide association studies for
serum IGF-1 in children (basal or in response to GH) have
yet been carried out. The challenge of understanding the
remaining part of individual GH sensitivity thus remains
entire.
Our observation indicates that genetic and epigenetic
variation at the GHR and IGF-1 loci play a major role as
independent modulators of individual GH sensitivity.
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Nos! résultats!concernant! la!contribution!du!polymorphisme!GHR!dans! la! réponse!au! test! sont!plus!
consistante!que!celle!reporté!dans!l’etude!de!Toyoshima!et!ses!collaborateurs!en!2007.!Une!réponse!




D’autre! part,! les! individus! hypométhylés! sur! leur! P2! d’IGF1! ont! une! meilleure! réponse.! La!













La! petite! taille! idiopathique,! celle! qui! n’a! pas! de! cause! pathologique,! est! une! cause! fréquente! de!
consultation! en! endocrinologie! pédiatrique.! Nous! avons! mesuré! la! méthylation! du! promoteur! P2!
dans!une!cohorte!de!tels!enfants!et!l’avons!comparée!à!celle!d’enfants!de!taille!normale.!Nous!avons!
ainsi! cherché! à! montrer! que! les! régions! promotrices! du! gène! IGF1! sont! des! régions!
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Background: Idiopathic short stature (ISS) has a strong familial component but genetics 
explains only part of it. Indeed, environmental factors act on human growth either directly or 
through epigenetic factors that remain to be determined. Given the importance of the 
GH/IGF1 axis for child growth, we suspected that such epigenetic factors could involve the 
CG methylation at the IGF1 gene P2 promoter, which was recently shown to be a 
transcriptional regulator for IGF1 gene and a major contributor to GH sensitivity. 
Objective. Explore if the methylation of the two IGF1 low-CG rich promoters (P1 and P2) is 
associated with ISS. 
Subjects and methods: 94 children with ISS were compared with 119 age-matched children 
of normal height for the methylation of CGs located within the IGF1 promoters measured 
with bisulfite-PCR-pyrosequencing. 
 
Results. The methylation of 5 CGs of the P2 promoter was higher in ISS children, notably 
CG-137 (49 ± 4% in ISS versus 46 ± 4 % in control children, P= 9x10
-5
). This was also true 
for CG-611 of the P1 promoter (93 ± 3% vs 91 ± 3% P=10
-4
). The CG methylation of the 




















































































Although “idiopathic” short stature (ISS) is a variant of normal growth 
1
, it has become a 
common source of medical investigation 
2
 and can be an indication for treatment with growth 
hormone 
3
. The molecular causes of idiopathic short stature are multiple 
4
, since height 
variation across individual is influenced both by genotypes 
5
 and environmental factors
5
. The 
genetic heritability of height is explained by many variants of individually small effect 
6
. The 
recent meta-analysis using the summary statistics from 79 studies totalling 253,288 European 
individuals showed that the most strongly associated 9,500 SNPs account for 29% of height 
variance 
7
. No single variant identified in these GWAS explained more than 0.3% of height 
variance. Copy number variations are other components of height genetics 
8
. 
Classically, quantitative geneticists have envisioned DNA sequence variants as the only 
source of heritable phenotypes. However, there is accumulating evidence for widespread 
epigenetic variation in natural populations and epigenetics is now recognized as a 
considerable source of inherited and acquired phenotypic diversity across humans.  
To search for new causes of ISS, we selected the IGF1 gene as a prominent physiological 
candidate. Most epigenetic effects on phenotypes result from effects on gene expression, 
particularly for the methylation of CGs located within gene promoters. We have recently 
shown that variation in IGF1 P2 promoter methylation regulates IGF1 gene expression in 
mononuclear blood cells 
9
. IGF1 class I transcripts have their initiation sites on exon 1 and are 
driven by P1 promoter, while class II transcripts use exon 2 as a leader exon and are driven by
P2 promoter 
10
. IGF1 transcripts initiating at P1 are constitutively expressed in many tissues, 
while transcripts initiating at P2 are expressed primarily but not exclusively in the liver 
11,12
. 
Following the demonstration of functional epigenetic effects of the IGF1 P2 promoter
methylation 
9,13
, the current study explores the association between P2 promoter methylation 





We recruited a group of 94 children (55M/39F) with strict criteria of ISS 
1
 whose clinical and 
biological characteristics are presented in Table 1. All were healthy and had normal clinical 
examination. GH deficiency was excluded with a stimulated GH peak >10 ng/ml. All children 
with ISS had normal TSH levels. Chondrodysplasia, notably dyschondrosteosis were 
excluded by forearm, pelvis and spine radiographs. A control group was formed with 119 
unrelated healthy European white children (68M/51F) recruited within the EpiGrowth Cohort 
9,13
. Trained nurses performed height measurements in duplicate using the Harpenden 
stadiometer. Ten ml peripheral blood samples were obtained, from which PBMC (peripheral 
blood mononuclear cells) were purified immediately. Parents gave written informed consent 
for the current study and for using surgical specimens, according to the French rules of 
bioethics in biomedical research. The research protocol received the agreement from Bicêtre 
I3E Institutional Review Board. 
 
Serum IGF1 measurements 
Serum IGF1 concentration was measured around 7.00-8.00 am before breakfast in 84/94 ISS 
and 95/119 controls using an immune-radiometric assay after ethanol-acid extraction using 
DSL-5600 Active (Diagnostic System Laboratories, Webster, TX) or Cisbio reagents. Intra- 
and inter-series coefficients of variation were 1.5 and 3.7% at 260 ng/ml and 3.9% at 760 
ng/ml. The sensitivity was 4 ng/ml. IGF1 SDS were calculated using norms recently 



































































Pyrosequencing-based bisulfite PCR analysis 
For promoter P1, we studied 9 CGs located over a 800 bp distance, the closest CG being 225 
bp upstream from the corresponding major transcription start site (TSS) 
15
. For promoter P2, 
we studied 7/8 CGs located upstream from the major TSS within the proximal part of the 
promoter and 1 CG located 97 bp downstream this TSS. CGs were denominated according to 
their position versus each promoter TSS (Fig. 1). The methylation of CG-22 could not be 
measured for technical reasons. Nucleic acids were extracted from WBC or PBMC using 
Gentra Puregene blood kit (Qiagen). In a subset of 20 patients, WBC and PBMC were 
measured in the same samples 
9
. Methylation was measured in other patients using PBMC. A 
bisulfite-PCR-pyrosequencing technique 
16
 was used to measure the methylation of the CGs. 
We improved the resolution of this method from a handful of bases to up to 100 nucleotides, 
with the ability to quantify methylation in the same sample of blood with a coefficient of 
variation (SD/mean) as little as 1-5%. Briefly, 400 nanograms of genomic DNA were treated 
with EZ DNA Methylation-Gold Kit, according to manufacturer’s protocol (Zymo Research 
Corporation). The bisulfite-treated genomic DNA was PCR-amplified using unbiased IGF1 
primers 
9
 and performed quantitative pyrosequencing using a PyroMark Q96 ID 
Pyrosequencing instrument (Qiagen). Pyrosequencing assays were designed using 
MethPrimer (http://www.urogene.org/methprimer/index1.html). Biotin-labeled single 
stranded amplicons were isolated according to protocol using the Qiagen Pyromark Q96 
Work Station and underwent pyrosequencing with 0.5 µM primer. The percent methylation
for each of the CGs within the target sequence was calculated using PyroQ CpG Software 
(Qiagen).  
 
Calculations and statistical methods 
Serum IGF1 levels and height values were expressed as SDS to adjust for age and sex. 
Unpaired Student's t-tests were used to compare methylation levels in the two groups. 
Bonferroni correction was used to adjust for the number of CGs tested. All statistics were 




Serum IGF1 concentration was lower in the ISS group (P=10
-7
) (Table 1, Fig. 3A). 
The patterns of CG methylation within the two promoters of IGF1 are depicted in Fig. 1 and 
Table 2. Methylation in the proximal part of P2 promoter showed a strong correlation between 
several neighboring CGs (Fig. 2). In contrast, there was limited correlation between CGs 
within the P1 promoter. No correlation of methylation levels was detected between the CGs of 
the two promoters (Fig. 2 and supplemental Fig. 1).  
The CG methylation within the P2 promoter was consistently higher in children with ISS 
(Fig.1 and Table 2). This was true for 5/8 of the studied CGs (Table 2 and Fig.1), notably for 
CG-137  (49 ± 4% in children with ISS vs 46 ± 4% in controls, P=9x10
-5
 after Bonferroni 
correction) (Fig. 3B and Table 2). In contrast, the level of CG methylation within the P1 
promoter was comparable in ISS children and controls, except for CG-611 (P=10
-4
), which 
showed higher methylation in children with ISS (Table 2).  
Methylation levels showed neither significant relationship nor any association trend with sex 




































































IGF1 production disorders are a cause of short stature, as shown by inactivating mutations in 
the IGF1 gene in humans 
17,18
, and by the correlation between child height and circulating 
IGF1 
19
. Common sequence polymorphisms at the IGF1 locus, however, do not seem to 
contribute to height variation in Caucasians 
20
 while it does so in Asians in whom IGF1 minor 
allele frequencies are different 
21,22
.  
The current observations show that epigenetic variation contributes to the multifactorial 
complexity of height variability among children, by showing that a higher CG methylation 
within the IGF1 P2 promoter is associated with ISS. It is common to say that association does 
not mean causality, unless a relevant biological effect can be attributed to the associated 
marker. We have previously established that CG methylation at the P2 promoter influences 
IGF1 transcription 
9
. Although this observation has been made in PBMC, not in the growth 
plates of growing children, it is tempting to consider high CG methylation within the P2 
promoter as one of the multiple molecular mechanisms responsible for “idiopathic” short 
stature.  
The mechanisms generating individual variation of CG methylation across humans are not 
known. It is interesting in this respect that several of the studied CGs show a high degree of 
correlation between their methylation levels at the P2 promoter, which suggests a shared 
mechanism governing the variability of the P2 methylation status of these CGs in a given 
individual. In contrast, other CGs of the IGF1 locus showed no correlation of their 
methylation level. Notably CG methylation at P1 and P2 seemed independent from each 
other. In particular, the higher methylation observed at CG-611 in children with ISS showed
no statistical relationship with CG-137 or other CGs of the P2 promoter. In theory, variation 
in methylation can arise through stochastic events, developmental changes, or exposure to 
environmental cues and is also known to be influenced by cis or trans genomic variation.
Previous data 
9
 have shown the lack of relationship between common cis genomic variation at 
the IGF1 locus and methylation status of the two promoters. As observed in twins, the 
maternal environment can affect specific sites of the fetal epigenome 
23,24
. This could in 
theory apply to the current observations in short children, although this remains a pure 
speculation in the absence of pregnancy data for the studied children.  
Another question raised by our observation is about the epigenetic inheritance (“soft 
inheritance”) of short stature. Indeed, modifications of DNA methylation patterns can be 
inherited trans-generationally, through incomplete erasure of epigenetic patterning in the 
germline and the early embryo 
25
. This has not been shown, however, for the IGF1 locus, and 
will be the matter of future familial and embryonic studies of IGF1 epigenetics. 
Mice models have revealed that skeletal growth is mediated by IGF1 produced in situ by 
chondrocytes, not by circulating IGF1 produced by the liver 
26
. The main physiological 
regulator of IGF1-mediated skeletal growth in chondrocytes is growth hormone (GH). The 
importance of epigenetic mechanisms in the regulation of IGF1 gene expression by GH is 
unknown in growth plates but starts to be unraveled in the liver of hypophysectomised rats, 
where GH induces dramatic changes in chromatin at the IGF1 locus and activates IGF1 





The proximal part of rat P2 promoter regulates the transcriptional activity of the IGF1 gene in 
response to GH via Stat5b 
28,29
. We have previously shown that DNA methylation of the non-
CG island P2 promoter of IGF1 can directly silence gene expression 
9
.  
The association of higher P2 promoter methylation with ISS suggests that the effects of P2 
methylation on growth are mediated through primary effects on IGF1 production. However, 
our observation should be interpreted with caution because of the lack of data in the growth 
plate, given the tissue specificity of DNA methylation levels. The lack of analysis of 
physiological tissues and the use of blood cells as surrogates 
30,31
 are a common weakness of 


































































In summary, the highest methylation observed in several CGs of the IGF1 P2 promoter and 
one CG of the P1 promoter in the PBMC of children with ISS supports that epigenetics plays 
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Table 1. Main clinical and biological characteristics of the studied children (mean ± SD). 
 
Table 2. Comparison of CG methylation in the two promoters of IGF1 gene in the studied 









Figure 1. The two IGF1 gene promoters (P1 and P2) are figured in the lower part of the 
Figure. (broken arrows show the TSS of each promoter). The upper part of the figure shows 
the mean methylation level of each studied CG in the studied children. Children with ISS are 
figured with black barplot and children of normal height with white barplot.
* p < 0.05   ** p ≤ 0.01   *** ≤ 0.0001  (Bonferroni correction). 
 
 
Figure 2. Correlation matrix of methylation levels among the CGs located in the P2 and 
P1 promoters of the IGF1 gene. The two groups of children have been merged for analysis. 
To simplify visualization, black boxes indicate only the strongest correlations, defined by R> 
0.30 and P< 10
-3




Figure 3. Comparaison of the studied children (A) for serum IGF1 concentration 
(P=1.5x10
-7





Supplemental Figure 1. Correlation matrix of methylation levels in the P2 and P1 
promoters of the IGF1 gene. Values for R coefficient and P value for each pair of studied 













































































Children with idiopathic 
short stature 
Controls of normal 
height 
P 
      
N 94 119 - 
Sex (M/F) 55/39 68/51 NS 
Age (yrs) 9 ± 3 10 ± 3 NS 
Height (SDS) -2.9 ± 0.5 -0.6 ± 1 <2.10-16 
Tanner stage (N)     
         1 72 (77%) 86 (72%) NS 
         2 12 (13%) 12 (10%) NS 
         3 4 (4%) 10 (8%) NS 
         4 4 (4%) 11 (10%) NS 
    
 
  
Birth length (SDS) -2 ± 1 -1 ± 1 10
-7
 
Parental height     
         Mother (SDS) -1.3 ± 1 -0.6 ± 1 10-2 
         Father   (SDS) -0.9 ± 1 -0.6 ± 1 NS 
    
 
  
Serum IGF1     
         (ng/ml) 129 ± 82 227 ± 132 10
-8
 





















































































CG -1044 88 ± 3 88 ± 3 1 
CG -960 79 ± 2 79 ± 5 1 
CG -919 90 ± 4 88 ± 6 1 
CG -631 86 ± 2 86 ± 2 1 
CG -611 93 ± 3 91 ± 3 10
-4
 
CG -491 83 ± 4 83 ± 4 1 
CG -414 12 ± 3 13 ± 5 1 
CG -308 10 ± 4 10 ± 4 1 
CG -225 8  ± 2 8  ± 2 1 
      
P2 
promoter 
CG -232 66 ± 7 63 ± 7 0.005 
CG -224 74 ± 7 71 ± 7 0.026 
CG -218 74 ± 7 70 ± 6 0.008 
CG -207 45 ± 7 42 ± 7 0.04 
CG -137 49 ± 4 46 ± 4 9.10
-5
 
CG -108 61 ± 7 60 ± 6 1 
CG -77 49 ± 6 47 ± 5 1 
CG +97 17 ± 3 16 ± 3 1 
 
 
                    *after Bonferroni correction for the number of CGs tested (non significant values equated to 1) 
Table 2. Comparaison of CG methylation in the two promoters of the IGF1 gene in the 
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Les! taux! d’IGF1! circulant! sont! significativement! plus! bas! chez! les! enfants! de! petite! taille.! En
comparant! le! profil! de! méthylation! des! deux! groupes! d’individus,! nous! avons! montré! de! légères!
différences!de!méthylation!qui!sont!néanmoins!très!significatives!dans!les!deux!promoteurs.!Un!seul!













M� des! traits! quantitatifs! modulés! par! un! facteur! externe,! à! savoir! des! doses! thérapeutiques!
d’hormone!de!croissance.!
En! 2011,! quand! nous! avons! commencé! ce! travail,! la! régulation! épigénétique! du! gène! IGF1! chez!
l’homme!était!inconnue!et!aucune!étude!n’avait!été!faite!sur!la!méthylation!de!ce!locus.!Nous!avons!






ne! s’est! intéressée! aux! régions! régulatrices! que! nous! avons! ciblées.! De! plus,! la!méthylation! a! été!
mesurée! dans! différents! types! cellulaires,! tels! que! placenta! dans! l’étude! de! Desgagné! et!
collaborateurs! (Desgagné! et! al.,! 2014)! ou! dans! le! sang! de! cordon! pour! l’étude! de! Straughen! et
collaborateurs! (Straughen! et! al.,! 2015).! Ces! travaux! portent! sur! la! croissance! prénatale! dans! deux!
ethnies! et!montrent! une! corrélation! entre! le! poids! de! naissance! et! la!méthylation! du! gène! IGF1.!




La! description! complète! des! profils! de! méthylation! des! deux! promoteurs! du! gène! IGF1! n’a! été!
obtenue! que! dans! notre! étude.! Ces! deux! promoteurs! présentent! une! variabilité! individuelle! de!
méthylation!de!l’ADN!et!peuvent!être!classés!dans!les!catégories!de!iiDMRs!,!VMRs!(Feinberg!et!al.,!
2010)!ou!d’épiallèles!(Finer!et!al.,!2011).!Nous!spéculons!que!les!différences!individuelles!observées!























D’autre! part,! nous! avons! constaté! une! forte! corrélation! entre! la! méthylation! des! CGs! du! même!
promoteur,! notamment! pour! le! promoteur! 2.! Ceci! n’était! pas! particulièrement! nouveau! dans!
l’analyse!de!méthylation!de!gènes!candidats!(Fradin!et!al.,!2012)!mais!les!corrélations!entre!les!CGs!
du! promoteur! P2! du! gène! IGF1! sont! plus! fortes! que! les! observations! précédentes.! Sachant! que!
toutes! les! vérifications! techniques! ont! été! réalisées,! notre! observation ne! semble! pas! dûe! à! un!
phénomène!de!sélection!d’amorces.!Nous!spéculons!que!ce!« déséquilibre!de!liaison!»!entre!!les!CGs!




et! al.,! 2008).! Cette! thèse! présente! cependant! quelques! limites! que! nous! discuterons! dans! les












et! al.,! 2013).!Nos! résultats! sont!en! cohérence!avec! ceux!de!Weber!puisque!nous!montrons!que! la!
méthylation!du!promoteur!P2!bloque! la! transcription!du!gène!dans!un!contexte!plasmidique.!Mais!
cette!structure!moléculaire!est!dépourvue!du!contexte!chromatinien!qui!existe!dans!une!cellule!dans!












2)! Il! est! possible! que! la!méthylation! du! P2! interagisse! avec! des! complexes! répresseurs! et/ou! des!
complexes! de! remodelage! de! la! chromatine! afin! de! moduler! l’expression! du! gène! IGF1.! A! notre!
connaissance,!aucun!répresseur!n’a!été!identifié!pour!le!gène!IGF1!humain.!
3)!La! transcription!du!gène! IGF1'est!dépendante!en!partie!de! la!GH.!La!GH!exerce!ses!effets!via! la!
protéine!STAT5b.!Chez!l’homme,!il!n’y!a!aucun!site!STAT5b!dans!le!P1!ou!le!P2.!Il!en!existe!cependant!
dans!les!introns!ainsi!que!dans!les!enhancers!situés!en!amont!du!gène!(voir!la!partie!Introduction).!Il!
est! possible! que! la! méthylation! empêche! les! interactions! entre! le! P2! et! l’enhancer! fixant! les!
protéines! Stat5b! (Figure! 33).! Nous! proposons! un! modèle! hypothétique! d’interaction! entre! la!
méthylation! des! promoteurs! et! les! facteurs! STAT5b.! Dans! ce! modèle,! nous! pensons! que! la!
méthylation! du! promoteur! P2! fait! intervenir! des! complexes! incluant! les!MBDs! et! les! HDACs! pour!
empêcher! la! fixation de! l’ARN! pol! II! et! inhiber! la! transcription! du! gène! IGF1.! En! l’absence! de!
méthylation,!la!région!du!promoteur!P2!et!les!enhancers!peuvent!interagir!en!recrutant!les!HATs!et!
permettre! la!transcription.!Nous!avons!proposé!un!modèle!qui!fait! intervenir! les!complexes!HAT!et!
HDAC,! en! se! basant! sur! l’unique! étude! réalisée! sur! la! régulation! épigénétique! du! locus! IGF1! (Voir!
détail!dans!l’introduction,!(Chia!and!Rotwein,!2010;!Chia!et!al.,!2010).!Le!type!d’interaction!que!nous!









moins! fortes! selon! les! dinucléotides! CGs! étudiés.! Le! CGM137! du! promoteur! 2! est! retrouvé! le! plus!




















ciblée sur certains!CGs. Il est possible de vérifier l’importance de chaque CG du promoteur 2 dans!la
régulation!de!la!transcription!d’IGF1! in!vitro!en!adaptant!notre!construction!plasmidique!contenant!





Nous!avons!montré!qu’il!existait!un! lien!entre! la!méthylation!et! la! transcription!du!gène! IGF1!mais!




1)! La! variation!de! la!méthylation!des!promoteurs!du!gène! IGF1! est!une!marque!épigénétique!préM
établie!pour!chaque! individu!durant! l’embryogénèse!et! reste! inchangée! tout!au! long!de! la!vie.!Ces!





2)! La! méthylation! des! promoteurs! du! gène' IGF1! est! modulée! par! l’hormone! de! croissance.! Nous!
postulons! que! la! méthylation! au! niveau! des! deux! promoteurs! d’IGF1! est! variable! entre! individus!
depuis!son!établissement,!mais!capable!d’être!modulée!par!l’hormone!de!croissance!pendant!la!vie!
postnatale.!L’hormone!de!croissance!pourrait!déméthyler!le!promoteur!P2!pour!induire!l’expression!



































































































issues! des! tissus! cibles! de! la! GH,! cependant! nous! n’avons! pu! aller! plus! loin! car! ces! lignées!
n’expriment!que!très!peu!l’IGF1.'La'lignée!de!foie!humain!HepG2,!par!exemple,!exprime!des!niveaux!
d’IGF1 plus faibles que les PBMCs. Nous avons donc essayé de stimuler des PBMCs de patients in
vitro'avec!des!doses!de!GH,!mais! l’expression!du!gène! IGF1!dans!des!cultures!primaires!de!PBMCs!
baisse!beaucoup!et!très!vite!au!fil!du!temps.!Notre!seule!explication!pour!cette!baisse!d’expression!
est! que! la! mise! en! culture! induit! une! forte! mortalité! cellulaire,! comme! pour! toutes! les! lignées!
primaires,! et! entraine! donc! une! difficulté! supplémentaire! pour! détecter! les! transcrits! d’IGF1' déjà!
rares.! Ainsi! notre! question! concernant! la! capacité! de! l’hormone! de! croissance! à! déméthyler! reste!
sans!réponse!claire.!
!
Les! exemples! de! déméthylation! active! spécifique! d’un! locus! en! réponse! à! une! hormone! dans! les!
cellules! différenciées! sont! limités.! Nous! citons! ici! un! exemple! typique! de!méthylation! cyclique! de!
l’ADN! au! niveau! d’un! loci! cible! du! récepteur! aux! estrogènes,! pS2.! Après! une! stimulation! par! les!
estrogènes,!le!promoteur!de!pS2!entre!dans!un!cycle!de!méthylationMdéméthylation!prouvant!que!la!
méthylation! peut! être! réversible! mais! aussi! dynamique! (Schomacher,! 2013).! Les! exemples! de!
déméthylation!dans!les!cellules!différenciées!sont!aussi!connus!dans!la!régulation!de!la!transcription!
des! gènes! du! système! immunitaire,! tel! que! le! locus! de! l’interleukine! 2,! qui! se! déméthyle! en! 20!
minutes!sans!réplication!de!l’ADN!(Bruniquel!and!Schwartz,!2003).!En!comparant!avec!ces!exemples!
de!déméthylation,!nous!proposons!deux!hypothèses!:!



























M! La!GH!est! capable!de!déméthyler! le!promoteur!P2! très! vite! suite! à! l’injection!mais! après!12h!de!
stimulation,!le!promoteur!P2!se!reméthyle!de!nouveau!comme!le!gène!pS2.!
M!En!se!basant!sur!les!exemples!de!déméthylation!des!cellules!différenciées!dans!la!littérature,!il!est!
possible qu’une déméthylation!active se réalise au!niveau!du!promoteur P2 par oxydation!et ensuite
par! excision! basique! (BER).! Selon! cette! hypothèse,! nous! ne! serions! pas! en! mesure! de! voir! cette!
déméthylation! car! le! traitement! au! bisulfite! ne! permet! pas! de! distinguer! la! méthylation! de!









mulatta)! et! l’homme.! Aucun! dinucléotide! CG! n’est! conservé! entre! l’homme! et! la! souris! ou! le! rat!
selon! un! alignement! de! séquence! réalisé! sur! NCBI! (https://blast.ncbi.nlm.nih.gov/Blast).! Une! forte!
homologie! de! séquence! a! été! observée! entre! les! séquences! du! promoteur! P2! chez! l’homme!et! le

















Figure 36 :)Représentation schématique)du)promoteur P2 et des CGs étudiés chez l'homme)et le)macaque.






La!plupart! des! études! épigénétiques! en! cohorte!ont! été! réalisées! sur! de! l’ADN!extrait! des! cellules!
nucléées!du!sang,!pour!une!raison!évidente!qui!est!leur!accessibilité,!bien!que!souvent!ce!ne!soit!pas!
le! tissu! physiologique! où! le! trait! prend! naissance.! Ces! études! sont! réalisées! soit! à! partir! i)! de! la!
totalité! des! cellules! du! sang! (WBC,! whole! blood! cell)!;! ii)! des! cellules! mononucluéées! du! sang!
(PBMCs,!Peripheric!Blood!Mononuclear!Cells)!ou iii)!d’une!population!cellulaire!triée!(par!exemple!les!
lymphocyte!T!CD4+).!Comme!nous!l’avons!déjà!dit,!l’épigénétique!contrôle!l’expression!des!gènes,!et!





















































spécifiques! du! tissu! considéré! (voir! le! paragraphe! sur! les! TMDMRs).! Il! existe! cependant! des!
modifications!présentes!uniformément!dans!toutes! les!cellules!de! l’organisme!et!d’autres!qui,!bien!
que!différentes,!présentent!une!forte!corrélation!entre!les!différents!tissus!(DominguezMSalas!et!al.,!
2014).!Nous avons étudié la méthylation des promoteurs du gène!IGF1 dans des cellules hépatiques
(principal!tissu!d’expression!du!gène'IGF1)!et!montré!qu’il!s’agissait!d’un!TMDMR!(voir!article!1).!Nous!
n’avons! toutefois! pas! pu! relier! la!méthylation!mesurée! dans! le! sang! à! celle!mesurée! dans! le! foie,!
compte!tenu!du!petit!nombre!d’individus!pour!lesquels!nous!disposions!de!ces!2!tissus.!
!
Il! nous! semble! important! de! rappeler! ici! les! propriétés! des! cellules! sanguines! afin! de! pouvoir!
interpréter! correctement! nos! résultats.! Les! leucocytes! sont! des! cellules! assez! hétérogènes,!
composées! de! 40M30%! de! cellules! mononucléaires! (monocytes!:! lymphocytes! B,! T! et! NK! (Natural!
Killer))!et!60M70%!polynucléaires!(granulocytes!:!basophile,!neutrophile,!éosinophile).!La!méthylation!
mesurée! dans! le! sang! total! est! une! moyenne! de! l’ensemble! des! cellules! citées! précédemment.!
L’identification! des! DMRs! en! comparant! le! profil! de! méthylation! des! leucocytes! d’un! groupe! de!
patients! et! de! témoins! est! la!méthode! la! plus! répandue,! dans! les! études! épidémioMépigénétique.!
L’interprétation! de! ces! DMRs! doit! se! faire! avec! beaucoup! de! précaution! car! les! différences! de!
méthylation! peuvent! être! dûes! simplement! à! des! différences! dans! la! contingence! cellulaire.! Ce!






Ils! ont! montré! qu’il! existait! une! variation! importante! des! profils! de! méthylation! entre! les!
granulocytes! et! sept! sousMpopulations! cellulaires! purifiées!:! les! lymphocytes! T! (CD4+,! CD8+),! les!
monocytes! (CD14+),! les! Natural! Killer! (CD56+),! les! lymphocytes! B! (CD19+),! les! neutrophiles! et! les
éosinophiles.! Ces! variations! de!méthylation! sont! surtout! observées! dans! les! gènes! précédemment!
associés!aux!troubles!du!système!immunitaires!(Reinius!et!al.,!2012).!
!








la! méthylation! de! l’ADN! était! similaire! dans! le! sang! total,! les! PBMCs! et! les! lymphocytes! T.! La!
méthylation!des!promoteurs!du!gène!IGF1!ne!semble!donc!pas!différente!entre!les!sousMpopulations!
du!sang,!elle!ne!sera!donc!pas!a'priori!affectée!par! les!variations!de!contingent!cellulaire!entre! les!









Les! cellules! sanguines! ont! une! durée! de! vie! variable! de! quelques! jours! à! des! années! selon! leurs!
fonctions.! Contrairement! aux! autres! cellules! différenciées,! les! cellules! sanguines! en! circulation! se
renouvellent!et!se différencient!constamment!à partir!de leurs progéniteurs dans la moelle osseuse.
Par! conséquent,! la! reprogrammation! épigénétique! réalisée! pendant! l’hématopoïèse! donne! des!
cellules! sanguines! avec! des! marques! épigénétiques! nouvellement! établies.! Les! leucocytes! en!
circulation!sont!un!mélange!de!cellules!contenant!des!cellules!qui!viennent!d’être!différenciées!de!la!











Nous! pouvons! donc! interroger! quant! à! la! transmission! transMgénérationnelle! de! la! variation! de!
méthylation!des!promoteurs!d’IGF1.!Pour! la!démontrer,! il! faudrait!établir!que!des!modifications!de!
méthylation! de! l'ADN! au! niveau! des! promoteurs! d’IGF1! échappent! aux! deux! vagues! de!
déméthylation! et! persistent! dans! les! lignées! germinales! et! dans! l'embryon!précoce.! Cela! demeure!
hypothétique!et!difficilement!envisageable!chez!l’homme.!Une!des!solutions!serait!probablement!là!








Récemment,! les! associations! établies! dans! les! études! de!méthylation! d’un! gène! candidat! ont! été!
critiquées!par!Shabalin'et!ses!collaborateurs!(Shabalin!et!al.,!2015).'Il!a!souligné!que!les!associations!
statistiques! avec! des! sites! dinucléotides! spécifiques! peuvent! être! surestimées! à! cause! du! nombre!
réduit! de! variables! utilisées! (Shabalin! et! al.,! 2015).! Selon! eux,! 30! à! 50%! des! CGs! testés! peuvent!
présenter!des!associations!significatives!dans!une!étude!gène!candidat.!
Pour!essayer!de!limiter!ces!faux!positifs,!nous!avons!appliqué!des!corrections!pour!les!tests!multiples!











contribution! d’un! facteur! épigénétique! dans! l’efficacité! d’un! médicament! et! nous! proposons! la!
méthylation! du! promoteur! P2! du! gène! IGF1! comme! un! déterminant! majeur! de! la! réponse!
individuelle! au! traitement! GH! entre! les! enfants! ayant! une! petite! taille! idiopathique.! Dans! ces!
conditions, le profil de méthylation du promoteur P2 pourrait prévoir la réponse à un traitement par
l’hormone! de! croissance! chez! ces! enfants.! A! notre! connaissance,! nos! observations! au! niveau! du!
promoteur!P2!sont!parmi!les!premiers!exemples!de!pharmacoMepigénomics.!
A!l’occasion!de!notre!étude,!la!simplification!du!protocole!du!test!de!génération!d’IGF1!nous!a!permis!
de! faire! des! constatations! cliniques! intéressantes.! Après! une! année! de! traitement! les! données!
cliniques! des! participants! à! ce! test! sont! déjà! disponibles! pour! un! petit! effectif! (N=20).! Nous!
constatons!qu’il!y!a!une!tendance!à!une!meilleure!réponse!au!traitement!chez!les!bons!répondeurs
au!test!de!génération!d’IGF1.!Sachant!que!la!capacité!de!ce!test!à!prévoir!la!réponse!thérapeutique!
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At# the# interface# of# genetics# and# environment,# epigenetics# contributes# to# phenotypic# diversity.#
Quantifying#the# impact#of#epigenetic#variation#on#quantitative#traits# (QT),#an#emerging#challenge# in#




tested whether the CG methylation of#the two promoters (P1 and P2)#of the IGF1 gene#could be a#






The#methylation# of# a# cluster# of# six# CGs# located#within# the# proximal# part# of# the# IGF1# P2# promoter#
showed# a# strong# negative# association# with# serum# IGF1# and# growth.# These# correlations# were#
observed#in#two#cohorts#of#growing#children.#Tall#children#show#lower#levels#of#methylation#in#several#
CGs# in# P2# and# P1# promoters# of# IGF1# gene# than# short# children# with# idiopathic# short# stature.# CG#
methylation#contributed#13%#to#the#variance#of#height#and#10%#to#the#variance#of#serum#IGF1.#









a#variable#efficacy. The causes of this individual variability are partially#understood and could involve#
epigenetics.#In#this#aim,#we#investigated#the#contribution#of#DNA#methylation#to#the#response#to#GH#
at# two# levels#:# direct# effect# of# GH# on# transcription# of# IGF1# gene,# on# circulating# IGF1# and# on# the#
growth# response# to#GH.# Following#a#GH# injection,#we# found#a# variable# increase# in# IGF1# transcripts#
across#the#studied#children.#The#increase#in#P2Adriven#transcripts#showed#a#strong#inverse#correlation#
with#4/8#of#P2#CGs.#Among#the#CGs#of#P1#promoter,#only#CGA611#showed#an#inverse#correlation#with#





of#growth# response# to#GH.#The# link#between#DNA#methylation#and# the# response# to#a# treatment# in#
humans# illustrating# the# role# of epigenetic# marks# as# potent# contributors# to# conclusion#
«#pharmacoepigenetics».##
Our#work#can#find#application#in#growth#physiology#and#therapeutics,#as#well#as#for#studies#in#aging,#
longevity#or#cancer#where#IGF1#has#a#prominent#role.#
